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ABSTRACT 
Evolution is driven by the activity of transposable elements, ‘jumping genes’ that are                         
ubiquitous to all life forms. To study their dynamics in higher resolution, transposable elements were                             
genetically engineered for tunable expression inside living cells, then tracked in real time using                           
fluorescence microscopy. We show that even simple transposable element systems, such as the                         
bacterial transposon IS​608​, exhibit spatial and temporal variation across a population. By quantifying                         
these variations in transposition dynamics, we generated a model of how transposition activity levels                           
may be a hereditary trait. We also find that the activity of the human retrotransposon LINE-1 is lethal                                   
to bacterial cell growth, and propose that transposable element activity may have played a role in the                                 
early evolution of eukaryotes. Again, by quantifying how LINE-1 expression decreases bacterial                       
growth rate, we generated a model of retrotransposon proliferation in the genome of simple cells. To                               
further test our hypothesis, we transferred this tunable LINE-1 system into yeast cells, and began                             
replicating experiments in a simple single-celled eukaryote. These studies highlight the importance of                         
quantifying variations in transposable element activity across a population, and investigate the role of                           
transposable element activity in the emergence of complex life. 
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CHAPTER 1: TRANSPOSABLE ELEMENTS & THEIR EVOLUTIONARY HISTORY 
 
Background 
All living organisms share the same genetic basis for life, yet there is immense variation in                               
physical characteristics and genetic expression. Such complexity is generated by genomic plasticity,                       
rather than the sheer volume of coding DNA. One mechanism that contributes to genomic plasticity                             
is transposable elements. 
Transposable elements are ‘jumping genes’, pieces of DNA that can spontaneously move                       
around or create copies of themselves within an organism’s genome. This behavior creates mutations                           
in the genome, which natural selection can act upon to drive evolution. Quantifying the dynamics of                               
transposable elements, as well as observing their behavior in real time inside living systems, would                             
elucidate the past and future evolution of life on earth. Studying the dynamics of transposable                             
elements may also help predict what evolution looks like in different ecological systems, such as those                               
that may be present on different planets. 
Transposable elements were discovered by the geneticist Barbara McClintock in the 1940s and                           
‘50s. She noticed that individual kernels on the same ear of corn exhibited different colors, and related                                 
this color mosaicism to the presence or absence of ‘controlling elements’ of DNA during transcription                             
(1). Specifically, she discovered a DNA sequence, called ​Ac (activator), which controls the movement                           
of another sequence, called ​Ds (dissociator), which suppresses pigment production when present in                         
the sequence coding for aleurone production. When ​Ds ​dissociates or ‘jumps out’ from the sequence,                             
however, pigmentation can be freely produced. Further, the degree of pigmentation in a given corn                             
1 
kernel depends on when during the transcription process ​Ds transposes. McClintock’s proposal of                         
mobile ‘controlling elements’ was ahead of its time, and she was unable to publish for decades because                                 
of skepticism from fellow scientists. In 1983, she was awarded a Nobel Prize in Medicine for her                                 
visionary work. 
Since then, transposable elements have been identified in all domains of life. They are                             
instrumental to biological functions and development, such as regulating genes, generating mutations,                       
and causing disease (1-3). Transposable elements can also make up a significant portion of an                             
organism’s genome. For example, 45% of the human genome is comprised of transposable elements                           
(2). Given the ubiquitous and prolific nature of transposable elements, they likely played an important                             
role in driving evolution on earth. 
Transposable elements are categorized by their different mechanisms of transposition. For                       
example, DNA transposons exhibit ‘cut-and-paste’ behavior, excising from one genomic locus and                       
re-integrating into another site. Meanwhile, retrotransposons use a ‘copy-and-paste’ mechanism, first                     
transcribing into RNA, then reverse-transcribing back into DNA at another site. Transposable                       
elements can also be described as autonomous or non-autonomous. Autonomous elements                     
self-catalyze their own transposition, while non-autonomous elements rely on catalysts produced by                       
autonomous elements. In the case of McClintock’s ‘activator’ and ‘dissociator’ elements, for example,                         
the former is autonomous, while the latter is non-autonomous. 
Motivation (Review of Literature) 
Although the structure and mechanisms of transposable elements are well characterized, not as                         
much is known about their dynamics. Transposable element propagation rates can be inferred from                           
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comparative phylogenetic analyses of related organisms (4-10) or endpoint analyses of abundances                       
within populations (11-14). By making assumptions about the mechanisms of proliferation, models                       
can be constructed to describe the distribution of transposable elements within genomes over                         
evolutionary time scales, and sequenced genomes can be analyzed and fit to proliferation models to                             
infer phylogeny of transposable element copies and estimate their rates of propagation (15). However,                           
most sequencing techniques require bulk sampling of cells to provide genetic material, and sequencing                           
is therefore generally an average over many cells. As a result, without extremely deep or single-cell                               
sequencing techniques, most current methods are sufficient to detect only those transposition events                         
that have occurred in the germline and therefore appear in every somatic cell in the body (3). 
Transposition rates can also be estimated by measuring relative abundances in populations                       
that have been allowed to mutate over laboratory time scales. One of the first examples of this                                 
approach was that by Paquin and Williamson to study the effects of temperature on the rate of                                 
integration of Ty retrotransposons in ​S. cerevisiae ​after growth for 6-8 generations, resulting in yeast                             
resistant to the antibiotic antimycin A (14); they estimated a rate of transposition of 10​–7 – 10​–10                               
insertions into a particular region of the yeast genome per cell per generation. As another example,                               
sequencing of ​E. coli at intervals in Lenski’s long-term evolution experiments also provided a means to                               
estimate transposition frequency, which they estimate to be on the order of 10​–6 per cell per hour (11).                                   
However, such measurements yield information on only the relative abundance of extant cells affected                           
by transposable elements in the population, and dynamic rates must again be inferred through models                             
of population growth that may or may not be accurate. 
The limitations described above mean that there is a dearth of information regarding                         
transposable element behavior in individual living cells ​in vivo and the effects of transposable element                             
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activity on those cells. Additionally, estimation of transposition frequency from either phylogenetic                       
comparisons or population endpoint analyses both suffer from the same serious and fundamental                         
limitation: they are only able to detect those events that have not gone to extinction in the population,                                   
and therefore these methods almost certainly underestimate the actual rates of transposition. An                         
analogous situation previously existed in the case of the dynamics of horizontal gene transfer:                           
phylogenetically inferred rates of horizontal gene transfer are typically 1 per 100,000 years, whereas                           
direct visual observation in experiments (16) has shown that the actual transfer rate is many orders of                                 
magnitude faster, about 1 per generation time.  
Summary of Thesis Work 
The work presented herein aims to provide higher resolution insight into the behavior of                           
transposable elements. We first designed novel bacterial circuits to visualize transposable element                       
dynamics ​in vivo​, using the ​i​nsertion ​s​equence IS​608​. IS​608 is a bacterial transposon native to                             
Heliobacter pylori​, whose structure and mechanisms of transposition are relatively simple and well                         
understood (17). We synthesized a tunable, fluorescent version of IS​608 that can be expressed in the                               
model bacterium ​Escherichia coli​, and we tracked different steps of its transposition process across a                             
population of living cells over multiple generations. Our results quantify the dependence of                         
transposon activity on various cellular and genomic factors and reveal the high variability in                           
transposon activity as functions of a given cell’s age, environment, and inherited dispositions (18).                           
These results demonstrate the importance of studying transposable element dynamics in real time                         
inside individual living cells.  
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Once proof of concept was demonstrated using a simple bacterial transposon, we used these                           
techniques to study the behavior of a human retrotransposon in single-celled model organisms. While                           
retrotransposons are prolific in eukaryotic genomes, they are rare in bacteria. This phylogenetic                         
segregation is unusual, since retrotransposition mechanisms are not unique to eukaryotes. Studying                       
the effects of retrotransposon activity on simple cells may explain how eukaryotes and bacteria evolved                             
into separate domains of life. 
We specifically studied the behavior of LINE-1, a ​l​ong ​i​nterspersed ​n​uclear ​e​lement that makes                           
up a significant portion (~15-20%) of human DNA (19). Again, we synthesized a tunable, fluorescent                             
version of LINE-1 that can be expressed in ​E. coli​, and noticed an immediate decrease in ​E. coli ​growth                                     
rate in the presence of LINE-1. Further, we noticed that the more efficiently LINE-1 integrates into                               
the ​E. coli chromosome, the more it inhibits cell growth. We quantified the growth defect that LINE-1                                 
contributes to ​E. coli​, and used this data to predict conditions for LINE-1 proliferation in a genome.                                 
Our modeling results support the hypothesis that eukaryotic cells evolved in response to LINE-1                           
proliferation (21). To further test this hypothesis, we developed a system for quantifying the effects of                               
LINE-1 in the yeast species ​Saccharomyces cerevisiae​, a model single-celled eukaryote. 
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 CHAPTER 2: REAL TIME TRANSPOSABLE ELEMENT ACTIVITY IN INDIVIDUAL 
LIVE CELLS 
Work in this chapter is based on “Real Time Transposable Element Activity in Individual Live Cells”,                               
which was published as a contributed letter in the Proceedings of the National Academy of Sciences                               
Volume 113 Number 26 on June 28, 2016 (18). The paper was authored by Neil H. Kim, Gloria Lee,                                     
Nicholas Sherer, K. Michael Martini, Nigel Goldenfeld, and Thomas E. Kuhlman, all affiliated with                           
the Department of Physics at the University of Illinois at Urbana-Champaign. Analysis and experiments                           
are attributed to the authors who performed the work in their corresponding sections.  
Chapter Summary 
The excision and reintegration of transposable elements restructures their host genome,                     
generating cellular diversity involved in evolution, development, and the etiology of human                     
diseases. ​Our current knowledge of transposable element behavior primarily results from bulk                     
techniques that generate time and cell ensemble averages, but cannot capture cell-to-cell variation or                           
local environmental and temporal variability. ​We have developed an experimental system based on the                           
bacterial transposon IS​608​ that uses fluorescent reporters to directly observe single transposition                     
events in individual cells in real time. We find that transposition activity depends upon the                             
transposable element’s orientation in the genome and the amount of transposase protein in the cell.                             
We also find that transposition activity is highly variable throughout the lifetime of the cell. Upon                               
entering stationary phase, transposition activity increases in cells hereditarily predisposed to such                       
activity. These direct observations demonstrate that real-time live-cell imaging of evolution at the                         
molecular and individual event level is a powerful tool for the exploration of genome plasticity in                               
stressed cells. 
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I. Introduction 
Motivation  
A transposable element is a mobile genetic element that propagates within its host genome by                             
self-catalyzed copying or excision followed by genomic reintegration (1). Transposable elements exist                       
in all domains of life, and the activity of transposable elements necessarily generates mutations in the                               
host genome. Consequently, transposable elements are major contributors to disease (21-27),                     
development (28-29), and evolution (11, 30). They are also utilized as molecular tools in synthetic                             
biology and bioengineering (31). 
‘Cut-and-Paste’: Transposition Mechanism of A Bacterial Transposon 
To quantitatively study the dynamics of transposable element activity and its controlling                       
factors in real time and in individual cells, we have constructed a system based on the bacterial                                 
transposon IS​608 in ​Escherichia coli​. IS​608 is a representative of the IS​200​/IS​605 family of                           
transposable elements, which all transpose through similar mechanisms. The IS​200​/IS​605 family is                       
widely distributed, with 153 distinct members spread over 45 genera and 61 species of eubacteria and                               
archaea (32). Transposition occurs by exact excision from a single DNA strand (12, 18, 33-36).                             
Imperfect palindromic sequences flanking the ends of the TE form unique ‘hairpin’ structures that are                             
recognized by transposase protein, TnpA, which can act as a homodimer to excise the TE. The excised                                 
TE-TnpA complex can locate and integrate the TE adjacent to the short, specific sequence TTAC                             
(Fig. 2.1). Our construct exploits the structure and regulation of the TE to allow the direct detection                                 
and quantification of TE activity in live cells using a suite of novel fluorescent reporters.  
 
7 
 Fig. 2.1 IS​608​ Transposition Mechanism 
This is a simplified depiction of the IS​608 ​transposition mechanism. IS​608 contains the gene tnpA, which codes                                 
for transposase protein. During DNA replication, hairpin structures flanking the single stranded IS​608                         
sequence act as recognition sites for transposase to excise the entire IS​608 ​sequence. Subsequent re-integration                             
occurs adjacent to the short, specific sequence TTAC. 
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II. Experiments and Analysis 
Building a Synthetic Bacterial Transposon​ ​to Report Transposition Activity 
Contributing Authors: TEK, NK, GL 
A diagram illustrating the TE system is shown in Fig. 2.2A. The TE is composed of the                               
transposase coding sequence, ​tnpA​, flanked by a left end imperfect palindromic sequence (LE IP) and                             
right end imperfect palindromic sequence (RE IP), which are the recognition and cleavage sites for                             
TnpA. ​tnpA is expressed using the promoter P​LTetO1​, which is repressed by ​tet repressor. P​LTetO1 is                               
derived from the ​E. coli ​transposable element Tn​10 and titratable over a ~100× range with                           
anhydrotetracycline (aTc) (37). The use of this inducible promoter allows for simple and precise                           
control of TnpA levels within individual cells. The TE splits the -10 and -35 sequences of a strong                                   
constitutive P​lacI​Q1 promoter (38) for the expression of the blue reporter mCerulean3 (39). As shown                             
in Fig. 2.2B, when transposase production is induced, the TE can be excised, leading to reconstitution                             
of the promoter. The resulting cell expresses mCerulean and fluoresces blue, indicating that an                           
excision event has occurred. The N-terminus of TnpA is translationally fused to the bright yellow                             
reporter Venus (40), and the cells constitutively express the red reporter mCherry (41) to aid in image                                 
segmentation. Measurements of blue, yellow, and red fluorescence of controls demonstrate no                       
crosstalk in our optical setup (Fig. 2.3). The TE is hosted in the low copy number plasmid pJK14 with                                     
a pSC101 replication origin (42). 
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Fig. 2.2 Design and Validation of the Transposable Element System 
(A) The promoter for mCerulean3 is interrupted by the transposable element, the ends of which are demarcated                                 
by left end and right end imperfect palindromic sequences (LE IP and RE IP). The transposase, tnpA (gray), is                                     
expressed from the promoter P​LtetO1​, which is inducible with anhydrotetracycline (aTc). The sequences of the                             
Promoter/TE junction and -10 and -35 sequences (red boxes) are shown below the diagram, and the sites                                 
cleaved by transposase are indicated by arrows. ​(B) Upon excision, the promoter for mCerulean3 is                             
reconstituted and the cell fluoresces blue. The sequence of the reconstituted promoter is shown below the                               
diagram. A primer designed to bind to the unique sequence formed after promoter reconstitution (blue arrow)                               
was used to verify excision by PCR, generating an 858 bp amplicon. ​(C) PCR amplification using these primers                                   
only generates the 858 bp product upon induction, thus verifying excision.  
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Fig. 2.3​ ​No Crosstalk Between Fluorescent Channels  
(A-B) Scatter plots of blue vs. yellow fluorescence for controls expressing only (​A​) mCerulean3 (N = 17,137                                 
cells) and (​B​) titration of Venus-TnpA (N = 65,791 cells) with [aTc] [0, 100] ng/ml. (C-D) Scatter plots of                                   
(​C​) red vs yellow (N = 31,376 cells) and (​D​) red vs. blue fluorescence (N = 21,125 cells) of a strain expressing                               
only mCherry. 
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We first confirmed that the TE excises upon induction of transposase production. PCR was                           
performed using primers that bind to the unique sequence formed upon excision, and cells containing                             
the TE and induced with aTc yielded product with amplicons of the expected length. We next verified                                 
that transposase induction results in expected patterns of fluorescence corresponding to TE excision.                         
When TE-carrying ​E. coli are grown on agarose pads with aTc, the resulting microcolonies exhibit                             
spatially distinct bright and dark regions of blue fluorescence. This is expected from plasmids                           
expressing blue fluorescent proteins after some have undergone TE excision, followed by plasmid                         
inheritance by daughter cells​. Conversely, microcolonies arising from an identically treated wild-type                       
negative control strain carrying no plasmids and uninduced TE strains are fluorescently dim and                           
homogeneous. The results of these experimental verifications are summarized in Fig 2.4. 
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Fig. 2.4 Verification of Excision using Fluorescence Microscopy and PCR 
(A-C) Colony morphology after growth on agarose pads. ​(A) wild-type cells exposed to 20 ng/ml aTc and ​(B)                                   
uninduced TE-carrying cells show homogeneous, low blue autofluorescence. Conversely, TE-carrying cells                     
induced with 20 ng/ml aTc ​(C) show bright, inhomogeneous blue fluorescence. The brightness scale for all                               
three images is identical. The borders of the colonies are outlined in white. (D) ​PCR amplification using       
these primers only generates the 858 bp product upon induction, thus verifying excision. 
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Quantifying Transposase Production and Excision Rates in ​E. coli  
Contributing Authors: TEK, NK, GL 
We next determined tnpA concentration as a function of yellow fluorescence intensity, and 
number of first excisions as a function of blue fluorescence intensity.  
It is reasonable to expect that TE excision probabilities may be a function of intracellular 
transposase concentration. This straightforward expectation has proven difficult to experimentally 
characterize, however, due to low-throughput sampling of transposase concentration provided by 
population sequencing and other bulk techniques (43). By comparing the intensity of yellow 
fluorescence and blue fluorescence of single cells titrated over a wide range of transposase inducer, we 
were able to determine the ​in vivo​ excision response function to transposase concentration. 
TE-carrying cells were grown in medium titrated with aTc concentrations ranging from                       
0 – 1,000 ng/ml. We constructed two versions of the TE, one with the imperfect palindromic                         
sequences encoded in the leading strand (ISLEAD) and the other with the imperfect palindromic                           
sequences encoded in the lagging strand (ISLAG). After ~12 – 13 doublings, each sample was imaged                               
using highly inclined and laminated optical sheet (HILO) laser illumination (44, 45). Fig. 2.5 shows                             
scatter plots of blue fluorescence versus yellow fluorescence for individual cells carrying ISLAG (Fig.                           
2.5A) or ISLEAD (Fig. 2.5B). The response functions for ISLAG and ISLEAD are qualitatively                         
different, with the ISLAG construct responding more quickly at low aTc concentrations and the                           
ISLEAD construct responding at higher aTc concentrations. The transposase promoter’s nonlinear                     
response to aTc (Fig. 2.6) results in non-uniform count densities along the x-axis. By combining the                               
results of methods described below, we were able to quantify the number of transposase molecules and                               
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induced excisions based on the intensity of yellow and blue fluorescence. The result is shown in Fig.                                 
2.5C, with mean response functions of ISLAG and ISLEAD shown as red and blue lines, respectively. 
To estimate the absolute number of transposase molecules induced, the bleaching kinetics of                         
Venus-TnpA were analyzed based on a theoretical technique developed by Nayak and Rutenberg (46),                           
discussed in detail in the ​Materials and Methods ​section of this chapter. ISLAG cells were grown as                                 
described above and transposase expression was induced with 100 ng/ml aTc. At OD​600 = 1.0, cells                               
were mounted on a slide and their bleaching kinetics recorded via fluorescence microscopy. By                           
recognizing fluctuations from the mean bleaching kinetics of Venus-TnpA as binomial noise, the                         
bleaching curves of individual cells can be analyzed to estimate the constant of proportionality, ν​,                             
relating fluorescent intensity to the number of fluorescent molecules. We find ​ν = 130 ± 10 from the                                   
analysis of 419 cells (Fig. 2.7). 
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Fig. 2.5 Titration of Transposase with Anhydrotetracycline (aTc)  
Venus-TnpA expression as a function of inducer concentration for pJK14-ISLAG (red points). These points                           
are fit to a Hill function (black line) to extract quantitative features of the response: 
 
  
 
where ​ω​ is the capacity or fold change of the response, ​K​ is an effective dissociation constant, ​n​ is the Hill 
coefficient measuring the sensitivity of the response, and ​A​ is an overall scaling factor (39-42). We find ​ω​ = 127, 
K​ = 71.5 nM, and ​n​ = 2.8. The scaling between Venus fluorescence (left y-axis) and number of TnpA molecules 
per cell (right y-axis) is determined by analysis of fluctuations in Venus-TnpA bleaching kinetics as binomial 
noise (see ​Determination of Absolute Venus-TnpA Concentration​ and Fig. 2.7). 
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 Fig. 2.6 Transposable Element Excision Response Function 
Scatterplots of blue versus yellow total cellular fluorescence divided by cell area for TE encoded in the ​(A)                                   
lagging (N​cells​ = 192,965) and ​(B) leading (N​cells​ = 101,709) strand of the host plasmid. Colors indicate number                           
of counts in each bin of a 500 x 500 grid covering the data. ​(C) The same data as in (A) and (B) with absolute                                                 
axes. The y-axis is expressed in terms of the absolute number of excised plasmids and the x-axis is scaled to                                       
absolute number of transposase molecules per cell. Light red and blue points are lagging and leading strand data                                   
from (A) and (B) respectively. Red and blue lines are excised plasmid number averaged according to transposase                                 
molecules binned as integer quantities. Large red points indicate the number of excised plasmids as measured by                                 
qPCR; error bars are the standard error of the mean of three experimental replicates. See also Fig. 2.8. 
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Fig. 2.7​ ​Estimation of Absolute Transposase Numbers from Venus-TnpA Bleaching Kinetics  
(​A​) Individual bleaching curves are exponential. Bleaching curves of normalized Venus-TnpA fluorescence                       
versus time in units of each curve’s fitted decay constant from 419 individual cells (blue points) compared to                                   
exponential bleaching kinetics (black line). Inset: a representative single cell bleaching trace over 10 seconds. We                               
truncate the bleaching curve (e.g., at vertical dashed line) when the fluorescence comes within 100 AU of the                                   
background (horizontal dashed line) (​B​) Individual bleaching traces (blue points) with 100 ms exposure time                             
compared to the mean bleaching kinetics (black line). The mean decay constant is ​τ​ = 0.68 ± 0.01 s.                                 
Fluctuations from the mean bleaching kinetics are binomial noise, and analysis of the variance allows estimation                               
of absolute Venus-TnpA numbers. (​C​) Mean normalized variance from 419 cells (black points) vs. fraction of                               
bleached molecules, (1 – ​p​). The proportionality constant, ​ν​,relating fluorescence to number of molecules is                             
related to the area under the best fit parabola [red line], yielding ​ν​ = 130 ± 10. 
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To determine how blue fluorescence intensity represents excision numbers, we measured the                       
mean blue fluorescence of a wild-type negative control carrying no plasmids, as well as a control in                                 
which every plasmid expresses mCerulean. Their average intensities correspond to the mean                       
fluorescence of cells with no excisions and cells with all TEs excised, respectively (Fig. 2.5 A and B,                                   
lines labeled ‘Excision 0’ and ‘MAX’). From the excision response curve, one can see a clear distinction                                 
in the blue fluorescence of cells with no excisions and those with one TE excision (line labeled ‘1’,                                   
Fig. 2.5 A and B). Therefore, by using quantitative PCR (qPCR) to determine the average plasmid                             
copy number in each cell, the y-axis can be scaled in terms of the average absolute number of excised                                     
plasmids.  
To determine if translational fusion of Venus to TnpA affected transposase expression, a                         
version of ISLAG without Venus fused to TnpA was also assayed. The construct showed                           
quantitatively identical behavior (Fig. 2.8).  
To further verify that fluorescence accurately represents TE excision number, qPCR                     
measurements of lagging strand TE excisions over a range of transposase inducer concentrations were                           
performed (red points, Fig. 2.5C), using primers that produce an amplicon only when excised plasmid                             
is present. At the highest transposase numbers we achieve, ~50% of the average total 11 – 12 plasmids                                 
per cell are excised (Fig. 2.9).   
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Fig. 2.8​ ​Venus Fusion to TnpA Has No Effect on Transposase Activity 
Mean blue versus yellow fluorescence behavior of pJK14-ISLAG (black line) compared to that of                           
pJK14-ISLAGMin (red points; N​cells​ = 69,868), a version of the TE with no Venus tag on the transposase. Since                                 
the pJK14-ISLAGMin strain shows no yellow fluorescence, the data are plotted such that the abscissa of each                                 
red point corresponds to the value of the best-fit Hill function from Fig. 2.5 at the corresponding aTc                                   
concentrations. Standard deviation of the ISLAG response is shown as the gray shaded region, and SD of                                 
ISLAG in points are red error bars; SEM is smaller than the size of the symbols.  
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Fig. 2.9​ ​TE Activity Does Not Affect Absolute Average Plasmid Copy Number 
Average plasmid copy number per cell determined by quantitative PCR for uninduced and induced                           
pJK14-ISLAG plasmid (first and second columns) and the mCerulean3 only control plasmid (third column).                           
Error bars are SEM of three experimental replicates for each sample. Over all three samples, the average copy                                   
number per cell is 12.4 ± 3.3, in agreement with Lutz and Bujard’s measurement of pSC101 copy number of 10                                       
– 12 plasmids per cell (37). 
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Temporal and Spatial Variation in Transposon Dynamics 
Contributing Authors: NK, TEK 
By growing TE-carrying cells on agarose pads including aTc under the microscope, TE                         
excision events can be detected in real time and their rates and statistics determined through direct                               
observation. We find that TE activity changes as cells undergo different phases of growth, and that TE                                 
activity correlates to where cells are located within a colony.  
Excision Rates Depend on Growth State of Cells 
At high inducer concentrations (>10 ng/ml aTc, ​e.g.​, Fig. 2.4C), a large fraction of cells                             
immediately experiences TE events and fluoresces blue. At low inducer and transposase                       
concentrations (<10 ng/ml aTc), we can observe individual excision events as bright flashes of blue                             
fluorescence whose rate depends upon the growth state of the cells. As cells initially adapt to the pad,                                   
some fraction rapidly fluoresce blue, indicating TE excision. Once cells enter exponential growth, the                           
frequency of cells becoming fluorescent drops to nearly zero; the fluorescence patterns observed in                           
mature microcolonies at low inducer concentrations (Fig. 2.10A) arise primarily from inheritance of                       
the initial excision events. However, upon entering final growth arrest, some cells begin to emit bright                               
blue fluorescence (Fig. 2.10 A-C) accompanied by an increase in yellow fluorescence (Fig. 2.10D). The                           
polar localization of Venus-TnpA is a known consequence of nucleoid condensation and volume                         
exclusion in stationary phase (45, 47). Note in Fig. 2.10​D that the excision event (blue line) is preceded                                 
by a weak increase in transposase levels (yellow fluorescence), indicating transposase-induced excision.                       
Control strains, including a wild-type TE-less strain exposed to aTc, TE-carrying cells not exposed to                             
aTc, and cells constitutively expressing mCerulean3, do not show similar bursts of fluorescence.  
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Fig. 2.10 Real Time Transposable Element Kinetics 
Colony induced with 5 ng/ml aTc undergoing excision events at ​(A) t = 0 (time of first detected events, after                                       
∼10 hours of growth), ​(B) t = 40 min, and ​(C) t = 60 min. New events are indicated by white arrows. ​(D)                                             
mCerulean3 and Venus-TnpA traces for an average event. TE events were aligned with peak mCerulean3                             
intensity at t = 0. Shown is the mean mCerulean3 (blue, left y-axis) and Venus-TnpA (yellow, right y-axis)                                   
fluorescence/cell area as a function of time averaged over 773 events. Inset: decay of mCerulean3 fluorescence as                                 
a function of time. Red line is a fit to an exponential , with A = 589 and b = -0.006 min​-1​,                                           
consistent with photobleaching. ​(E) Raster plot of all events in a single experiment (red lines, left y-axis) with t =                                       
0; N​colonies = 12, N​cells = 4,858, N​events = 1114. The average rate was 6.3 ± 2.6 × 10​
-3 events/cell/hr. Red shaded                                           
region shows the average rates during 100 minute intervals (right y-axis). ​(F) Blue bars: frequency of the number                                   
of events per frame. Red line: distribution of events per frame expected from a Poisson process with an average                                     
rate of 6.3 × 10​-3​ events/cell/hr. 
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Excision Event Rate is Constant Once Initiated 
Automated identification of TE fluorescence events within each colony reveals that events                       
begin occurring with the onset of growth arrest and continue at a rate that remains approximately                               
constant for >35 hours (Fig. 2.10E). The average event rate for this experiment, consisting of 12                             
colonies and ~5,000 cells, was 6.3 ± 2.6 × 10​-3 events/cell/hr. The temporal statistics are consistent                               
with events, once initiated upon growth arrest, occurring randomly in time as described by Poisson                             
statistics (Fig. 2.10F). 
Excision Events are Spatially Correlated 
Contributing Authors: NK, KMM, TEK, NG 
Events are not uniformly random in space and are instead spatially clustered and dependent upon                             
the location in the colony. This spatial distribution was determined by taking a colony and dividing it                                 
into rings all located a certain distance away from the colony edge, then quantifying the number of                                 
excision events occuring in any given ring (Fig. 2.11A). Events are less common within ~3 μm (~5 cell                                 
widths) of the colony edge compared to the center (Fig. 2.11B). The mean pair radial correlation, ​g​(​r​),                                 
also shows that events are clustered together (blue line, Fig. 2.11C; see also ​Materials and Methods​). 
We performed simulations of ​E. coli growth into microcolonies combined with random                       
distributions of TE events to determine the expected properties of ​g​(​r​) arising from randomly spaced                             
TE events within an ​E. coli colony. Simulations were used to generate 200 different microcolony                             
morphologies, each starting from a single cell and ending upon reaching a size representative of those                               
we observe in our experiments (~300 cells with a diameter of ~15 – 16 μm). After growth arrest, 15%                                     
of the cells within each colony morphology were chosen at random to undergo TE events, a rate                                 
representative of the average final number of affected cells in each colony we observe experimentally.                             
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By comparing ​g(r) between experiment and simulation, we find that the density of events in adjacent                               
cells in our experiment is ~1.4× greater than expected compared to the simulation of events randomly                               
distributed in space (red line, Fig. 2.11​C​, see also ​Materials and Methods​). 
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Fig. 2.11 Excision Events Are Spatially Correlated 
(A) Within each colony, we determine the event densities within annuli of width 0.8 μm at various distances                                   
from the colony edge. We then took an ensemble average over all colonies, where the density in each colony is                                       
normalized by the mean event density over the entire colony. ​(B) ​Blue line: mean normalized density of events                                   
in 0.8 μm wide annuli versus the distance of the center of each annulus from the colony edge, shaded blue                                       
region is the SD. Red line: mean normalized density obtained from simulations of randomly spaced events,                               
shaded red region is the SD. ​(C) Blue line: mean pair correlation function, ​g​(​r​), of events, shaded blue region is                                       
the SD. Red line: ​g​(​r​) of randomly spaced events obtained from simulations, shaded red region is the SD. 
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Distribution of Rates is Consistent with Additional Control by a Heritable Luria-Delbrück                       
Process  
Contributing Authors: NS, NK, TEK 
The non-uniform event distributions in space suggests that local environmental differences                     
and/or a hereditary process are influencing TE activity. A distribution of event rates determined from                             
984 colonies is shown in Fig. 2.12A, with a mean rate of 11.8 ± 12 × 10​-3 ​events/cell/hr/colony (this is                                     
compatible with overall number of events per frame following a Poisson distribution (Fig. 2.10F). See                             
Materials and Methods​). To explain the distribution of colony event rates shown in Fig. 2.12A, we                               
simulated a two-step process (48, 49). First, in a Luria-Delbrück process after cells are placed on the                                 
pad, some stochastic heritable change can occur with constant probability during exponential growth                         
that predisposes cells to TE activity (Fig. 2.12B). In the simulation, 10,000 cell colonies were simulated                               
to grow until they reached colony sizes drawn from the colony size distribution observed in the                               
experiment. While in growth, a heritable change occurs in a daughter cell after each division with                               
probability ​p​h​. From the affected cell, the change is inherited by all of its descendants. In growth arrest,                                   
any cell that has inherited the change can then experience a TE excision with probability ​p​e​. A good fit                                     
of event densities was found (red line, Fig. 2.12A) by searching through the two parameters with a                                 
goodness criterion (see ​Materials and Methods​). This analysis and the quality of the fit strongly                             
suggest that the average event rate in each colony is determined by some stochastic, heritable change                               
occurring in the lineage, for example expression bursts, or lack thereof, of long-lived tet repressor                             
protein.  
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 Fig. 2.12 Event Rates are Determined by a Stochastic Heritable Change 
(​A​) Blue bars: distribution of average event rates for individual colonies with [aTc] = 5 ng/ml; N​colonies​ = 984.                           
The mean rate of this distribution is 11.8 ± 12 × 10​-3 ​events/cell/hr/colony. Red line: result of a two-step                                     
process simulated using the experimental distribution of colony sizes. Green line: result of a Poisson process                               
with the mean rate of the experimental distribution. Inset: same data with logarithmic y-axis. (​B​) Cartoon                               
picture illustrating the Luria-Delbrück process used in our simulation where some fraction of cells inherit a trait                                 
that predisposes them to TE activity (red outline), and of those cells some fraction fluoresce blue indicating TE                                   
activity (blue fill).  
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III. Discussion 
The Importance of Measuring Fluctuations in Transposable Element Activity  
Our goal is to begin the quantitative understanding of how TEs fundamentally function and                           
behave in single live cells before understanding more complex systems. Placing the TE under an                             
inducible promoter allows us to precisely control and determine how TE excisions respond to                           
transposase concentration. Examining the bleaching kinetics of Venus-TnpA allows us to estimate                       
absolute numbers of transposase proteins within individual cells, which improves upon previous                       
studies that could only infer mean TnpA levels from the applied inducer concentrations. While we use                               
a synthetic ​tet promoter derived from an ​E. coli TE to express TnpA instead of the natural tnpA                                   
promoter, the transposase levels in any wild-type system will still sample from the same response                             
function. That even this simple system exhibits complex dynamic behavior illustrates the necessity of                           
using real time single-cell measurements rather than population and time-averaged estimates of TE                         
kinetics, a parallel to the way in which real time single-molecule measurements have revolutionized our                             
understanding of the rich dynamics hidden by population-averaged ensemble measurements (50).                     
This quantification of genome plasticity in real time permits the development of a precise narrative of                               
the role of TE activity in evolution and even epidemiology. 
The single-cell response curves shown in Fig. 2.5 are consistent with existing molecular models                           
of how TnpA binds to and excises the TE from the host DNA molecule (12). The response function                                   
displays qualitatively distinct behavior in the leading versus lagging strand. Because the lagging strand                           
of DNA is discontinuously replicated, the lagging strand leaves single-stranded DNA exposed while                         
synthesis of Okazaki fragments is completed. Hence, it is more energetically favorable for the folded                             
imperfect palindromic sequences recognized by TnpA to form in the lagging strand than the leading                             
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strand, where the energetically favored state is canonically base-paired double-stranded DNA (12).                       
Consequently, the TE in the lagging strand is extremely sensitive to TnpA, with the first excisions                               
occurring in the presence of only 1 – 2 TnpA dimers. Conversely, ~10× higher TnpA numbers are                           
required to initiate excision from the leading strand. 
Real-time imaging allows us to track how TE activity varies from one cell to another within                               
different colonies over time. We found that upon growth arrest, excision events are distributed                           
non-uniformly within each colony. This non-uniformity can be described with a Luria-Delbrück                       
process, suggesting that some stochastic, heritable trait predisposes a fraction of cells to TE activity.                             
Additionally, the relative lack of excision activities observed near the edges of colonies may arise from                               
local environmental variation, such as nutrient availability, between the edge and center of a colony.                             
Together, these results demonstrate that the rate of TE excision is highly dynamic and depends upon                               
the amount of transposase in the cell, the TE’s orientation within the genome, the growth state and life                                   
history of the host cell, and the cell’s local environment. 
While here we focus solely on excision, we note that since excision of a TE is required before                                   
reintegration, it is likely that integrations and the mutations they generate will occur with a rate that is                                   
dependent upon the excision rate measured here. Previous studies detecting transposition ​in vivo using                           
time-averaged population-level methods have estimated the convolved transposition rates, i.e. the                     
combined rates of both excision and integration, as a result of experimental or conceptual limitations                             
in separating the two processes. Mating-out assays, for example, detect TE integration only into a                             
conjugative plasmid which is then transferred to a virgin recipient strain for detection (51). These                             
methods therefore only measure the combined rate of excision, integration to the plasmid, and                           
conjugation of the plasmid merged together. From a mechanistic standpoint, excision and integration                         
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are two separate processes that should be understood independently. It is necessary to know excision                             
rates independently of reintegration to understand how stable transposable elements are in the                         
genome. Furthermore, an excision itself is a mutation carrying biological significance. Any genes                         
carried by the TE will be lost, and if the TE has silenced a gene by interrupting it, then excision may                                         
restore its function. 
One of the primary results of this work is the observed heterogeneity of TE activity rates in                                 
both space and time. In a sense, this is surprising; the design of the synthetic TE employed here is                                     
extremely simple, and yet it shows complex spatial and temporal dynamics. Furthermore, since the                           
fundamental experiments of Luria and Delbrück, the uniform randomness and homogeneity of                       
mutation rates is frequently taken as a starting point for descriptions and models of mutation and                               
evolution. However, as shown in Fig. 2.5, the activity of the TE is a direct function of the intracellular                                     
numbers of TnpA protein. Since it is well known that intracellular protein levels are strongly                             
influenced by the cellular growth state (52), cell-to-cell and temporal heterogeneity in intracellular                         
TnpA amounts and the resulting TE activity levels should perhaps be anticipated. Similar arguments                           
can readily be made about any other mutational process that relies upon the activity of an expressed                                 
protein for its generation or repair, for example the repair of nascent point mutations by the                               
proteinaceous Mismatch Repair System (53). 
It is difficult to draw direct and meaningful comparisons between our measurements of TE                           
excision rates and previous measurements. Previously measured transposition rates (​i.e. excision                     
followed by reintegration) are on the order of 10​-6 – 10​-10 transpositions/cell/doubling (14) [or                           
transpositions/cell/hour (11)], while the excision rates that we measure are several orders of magnitude                           
greater. A variety of hypotheses can be proposed to reconcile these results. For example, it is possible                                 
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that reintegration is extremely inefficient and only successful for a small fraction of excisions.                           
However, we have observed that expression levels of Venus-TnpA in these and other longer time-scale                             
measurements do not decrease over time, which suggests this is not the case. It is also possible that                                   
previous experiments underestimate TE activity rates as a result of insufficiently deep sampling, or the                             
deleterious physiological effects of the TE leading to extinction of affected cells within the population.                             
The reason for this discrepancy remains unclear and is a subject for future work. 
Most importantly, we demonstrated in this project the feasibility of tracking and quantifying                         
transposable element activity in individual living cells in real time. We showed that even simple                             
transposable element systems showcase heterogeneous dynamics across a population of cells. Further,                       
studying these variations in behavior yields insight into the role transposable elements play in the                             
evolution of a population of cells. This work sets the stage for our next project, described in Chapters                                   
3 and 4, which quantifies the physiological effects of retrotransposon activity on bacterial cells and                             
explores the significance of retrotransposon activity in the early evolution of eukaryotic cells. 
IV. Materials and Methods 
Strains and Media 
Experiments were performed using ​E. coli K-12 MG1655 Δ​lac ​(41, 43, 50, 51) expressing the                             
red fluorescent protein mCherry (37) from a strong P​lacIQ constitutive promoter integrated into the ​nth                             
chromosomal locus located near the replication terminus (41, 50). Molecular cloning and plasmid                         
manipulations were performed using DH5α as a host strain. 
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Cells for measurement of the TE excision response function were grown in M63 minimal                           
medium (100 mM KH​2​PO​4​, 15 mM (NH​4​)​2​SO​4​, 1 mM MgSO​4​, 1.7 μM FeSO​4​, 0.5% w/v thiamine,                         
pH adjusted to 7.0 with KOH) with 0.5% v/v glycerol as carbon source. Antibiotics were added to the                                   
medium as appropriate for plasmid maintenance, and different concentrations of anhydrotetracycline                     
(aTc, Sigma Aldrich) were added to induce transposase production. 
Cells for real-time measurement of TE activity were imaged on 2% w/v agarose pads made with                               
M63 minimal medium with 0.5% v/v glycerol as carbon source + 25 μg/ml kanamycin and 5 ng/ml                                 
anhydrotetracycline. 
Plasmid Construction 
The low copy number plasmid pJK14 (15) was used to host the TE in all experiments. pJK14                                 
has a pSC101 replication origin and is replicated unidirectionally, ​i.e.​, there is a well-defined leading                             
and lagging strand. Plasmid copy number is tightly controlled through the positive feedback of the                             
plasmid-encoded protein RepA (31). Additionally, pJK14 is actively segregated to daughter cells                       
through the pSC101 ​par​ system (32). 
Plasmid pJK14-ISLEAD was designed using Vector NTI software (Life Technologies) and                     
synthesized ​de novo​ by Genewiz Gene Synthesis Services (Genewiz, Inc.).  
To generate pJK14-ISLAG, pJK14-ISLEAD was digested with I-SceI (New England                   
Biosciences), purified (QIAquick PCR Purification Kit, QIAGEN), re-ligated, and transformed into                     
DH5α. Plasmids purified from eight resulting colonies were digested with PciI (NEB) and run                           
through a gel to verify that the TE had been successfully re-oriented. 
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Plasmid pJK14-ISLEAD and pJK14-ISLAG were used to create versions of the TE in which                           
the Venus (19) fusion is removed from TnpA, pJK14-TnMinLEAD and pJK14-TnMinLAG. The                       
P​LtetO1​-​venus​-​tnpA fragment was removed from pJK14-ISLAG through digestion with BamHI and                     
NheI, gel purification, and dephosphorylation with Antarctic phosphatase (NEB). Untagged ​tnpA                     
from pJK14-ISLEAD was amplified using Phusion Flash master mix (Life Technologies) and the                         
primers 
BamHI-P​LtetO1​-​tnpA​ F 
5’-CGTATTATCCGGATCCGTGATAGAGATTGACATCCCTATCAGTGATAGAG
ATACTGAGCACATCAGCAGGACGCACTGACCGAATTCATTAAAGAGGAGAA
AATGAGTAACGCTGTTTTATACAAAA-3’ 
t​npA​-NheI R  
5’-CACTTCAAGACTCGAGTTATAGAGCTTTTGTTTGTAGGTTA-3’. 
The PCR product was digested with BamHI and NheI and ligated into the pJK14-ISLAG                           
backbone to generate pJK14-TnMinLEAD and pJK14-TnMinLAG. The resulting plasmids were                   
sequenced (ACGT, Inc.) to verify successful re-ligation. 
To construct control plasmids expressing only Venus-TnpA (pJK14-​venus​-​tnpA​) and                 
mCerulean3 (pJK14-​mCerulean3​) (18) the entire TE cassette was removed from pJK14-ISLEAD                     
through digestion with I-SceI, dephosphorylation, and gel purification. The P​LtetO1​-​venus​-​tnpA                   
fragment was amplified from pJK14-ISLEAD with Phusion Flash master mix and the following                         
primers: 
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I-SceI-P​LtetO1​-​venus​ F  
5’-TTCCGACGTCTAGGGATAACAGGGTAATTTGACATCCCTATCAGTGATAG
AGA-3’ 
tnpA​-I-SceI R 
5’-GCTTGCATGCTAGGGATAACAGGGTAATTTATAGAGCTTTTGTTTGTAGG
TTA-3’. 
The fragment containing ​mCerulean3 and its reconstituted promoter was amplified from                     
pJK14-ISLEAD using the following primers: 
I-SceI-P​lacI​Q1​-​mCerulean3​ F 
5’-TTCCGACGTCTAGGGATAACAGGGTAATCATTTACGTTGACACCACCTGT
AACGTATGGCATGATAGCGCCCGGAAGAGAGTCAATTCAGGGTGGTGAATA
TGGTGAGCAAGGGCGGGAGCTGT-3’ 
mCerulean3​-I-SceI R 
5’-GCTTGCATGCTAGGGATAACAGGGTAATTTACTTGTACAGCTCGTCCATG
CCG-3’. 
Each amplified fragment was digested with I-SceI and ligated into the pJK14-ISLEAD                       
backbone to generate pJK14-​venus​-​tnpA ​and pJK14-​mCerulean3 ​respectively. To control expression                   
of Venus-TnpA, pJK14-​tnpA was transformed into and assayed with strain CZ071 (33), the kind gift                             
of Ido Golding, which is a K-12 MG1655 strain that constitutively expresses ​tet​ repressor. 
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Microscopy and Image Analysis 
To measure the TE excision response functions shown in Fig. 2.6, MG1655 Δ​lac                         
nth​<P​lacIQ​-​mCherry​> cells carrying the indicated version of the TE were grown overnight in Lysogeny                           
Broth (LB) + 25 μg/ml kanamycin. The optical density at 600 nm (OD​600​) of this culture was                                 
measured with a Bio-Rad SmartSpec Plus spectrophotometer, and an appropriate volume of the                         
culture was added to M63 minimal medium + 0.5% v/v glycerol + 25 μg/ml kanamycin to yield a                                 
calculated initial OD​600 = 0.0002. The culture was partitioned in 5 ml aliquots to 20 mm glass test                                   
tubes, to which a variety of concentrations of aTc were added to titrate the cells with transposase                                 
inducer. These tubes were grown at 37​o​C in a New Brunswick C76 water bath shaker with vigorous                                 
shaking until growth arrest at ~OD​600​ = 1.5 – 2.0; at this OD, the cells have undergone ~12 – 13                                     
doublings. Samples were then taken from each tube for imaging. 
To perform fluorescent microscopy, 50 μl samples of culture were spread onto glass slides                           
(Fisher Scientific Premium, 3” × 1” × 1 mm), covered with a #1.5 glass cover slip (VWR, 22 × 30 mm),                                         
and lightly compressed to seat the cells flat on the cover slip. The slide was placed on a Nikon Eclipse                                       
Ti-E fully automated inverted microscope with Perfect Focus System (PFS) automated focus                       
correction. The sample was maintained at 37​o​C in a temperature-controlled environmental chamber.                       
For each slide, 200 images in a 10 × 20 grid were taken using a Nikon CFI Apo TIRF 100x oil                                         
immersion objective (NA = 1.49) and captured using an Andor iXon Ultra 897 EMCCD camera with                           
100 or 300 ms exposure. Each image contains information captured from three fluorescent channels:                           
mCherry, Venus, and mCerulean3. Fluorescent excitation was performed using highly inclined and                       
laminated optical sheet (HILO) laser illumination (22) at 561 nm (mCherry excitation; Coherent                         
Sapphire 50 mW), 514 nm (Venus excitation, Venus-TnpA levels), and 457 nm (mCerulean3                         
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excitation, excision reporting), in that order; both 514 nm and 457 nm excitation were provided by a                                 
40 mW Argon laser (CVI Milles Griot). Filter sets used were HQ560/55x ET645/75m (mCherry),                           
ZET514/10x ET535/30m (Venus), and Z457/10x ET485/30m (mCerulean3). The sensitivity                 
obtained using these optics is sufficient to detect single molecules of Venus-TnpA (23, 34). We                             
observed no anomalous aggregation of mCherry, Venus-TnpA, or mCerulean3 (22). 
To directly quantify TE excision rates, MG1655 Δ​lac ​nth​<P​lacIQ​-​mCherry​> cells carrying                     
pJK14-ISLAG were grown overnight in M63 + 0.5% v/v glycerol + 25 μg/ml kanamycin. The OD​600                               
of this culture was measured (SmartSpec), and an appropriate volume of the culture was added to                               
pre-warmed M63 + 0.5% v/v glycerol + 25 μg/ml kanamycin to yield a calculated initial OD​600 =                               
0.0008. The cells were then grown at 37​o​C in a water bath shaker with vigorous shaking until OD​600 =                                     
0.05. 5 μl of this culture was then placed on an agarose pad cast on a glass slide. After allowing the                                         
agarose pad shape to stabilize for 20 minutes at 37​o​C in a Fisher Scientific Isotemp incubator, the                                 
sample was covered with a #1.5 glass cover slip (VWR, 22 × 30 mm) and sealed with epoxy to prevent                                       
drying. Images consisting of 40 – 80 adjacent fields of view were taken every 20 minutes using the same                                     
imaging conditions as described above. 
Images were analyzed using a custom image segmentation algorithm implemented in                     
MATLAB. To correct for inhomogeneous illumination, images were first flattened by averaging the                         
fluorescent intensity of each pixel over all 200 images for each slide; this averaged image was fit to a                                     
surface in 3D space and used to normalize all pixels in the image to the area of the image with the                                         
brightest illumination. Cell identification and image segmentation were performed on the flattened                       
images using the red channel, where all cells are homogeneously fluorescent with high signal to                             
background noise due to constitutive mCherry expression. For each identified cell, we recorded the                           
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area (in pixels), length of the major and minor axes of the cell (pixels), and the total fluorescence of the                                       
cell in each channel (arbitrary units, AU), calculated as the sum of fluorescent intensities of all pixels                                 
that make up the cell. 
Estimating Transposase Concentration with Bleaching Kinetics 
Estimation of the absolute number of transposase molecules was performed according to the                         
method of Nayak and Rutenberg (24, 35). By recognizing fluctuations from the mean bleaching                           
kinetics of Venus-TnpA as binomial noise, the bleaching curves of individual cells can be analyzed to                               
determine the constant of proportionality, ​ν​, relating fluorescent intensity to the number of                         
fluorescent molecules: 
I = νN  
where ​I​ is the fluorescent intensity of the cell and ​N​ is the number of Venus-TnpA molecules. 
MG1655 Δ​lac ​nth​<P​lacIQ​-​mCherry​> pJK14-ISLAG cells were grown as described above and                     
transposase expression was induced with 100 ng/ml aTc. At OD​600 = 1.0, cells were mounted on a slide                                   
and 500 fields of view imaged. Cells were imaged with the same conditions described in ​Microscopy                               
and Image Analysis​, however 100 images of 10 ms exposure were taken in the yellow channel to record                                   
bleaching kinetics of each cell (Fig. 2.7). The cells in each image were identified and segmented using a                                   
custom MATLAB algorithm. In each image, only the bleaching kinetics of the cells in the region of                                 
the image with the brightest illumination were analyzed. For each cell, the total Venus-TnpA                           
fluorescent intensity was calculated at each time point as the sum of intensities of all pixels that make                                   
up the cell divided by the area of the cell. The fluorescent intensity as a function of time normalized to                                       
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the initial fluorescent intensity for each cell was then fit to an exponential decay curve to determine the                                   
decay constant, ​τ​, 
 
The mean decay constant calculated in this way from 419 cells was ​τ = 0.68 ± 0.01 s, and is                                       
shown as the black line in Fig. 2.7A and 2.7B. Next, the variance of the bleaching curve for each cell                                       
from the mean bleaching kinetics was calculated as 
,   
where is the variance of the ​i​th cell at each time point ​t​, is the fluorescent intensity of the                                         
i​th cell at time ​t​, is the fluorescent intensity of the mean bleaching curve at time ​t​, ​I​0 is the initial                                         
fluorescence of the cell, and ​p​(​t​) is the fraction of unbleached molecules as a function of time (24, 35).                                     
The variance as a function of the bleached fraction (1 – ​p​) is therefore an inverse symmetric parabola                                   
centered at ​p​ = 0.5 (Fig. 2.7C). Integrating equation with respect to ​p generates an estimate of ​ν from                                 
each cell: 
,  
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where ​I​i​0 is the initial fluorescent intensity of the ​i​th cell at ​t = 0. The constant of proportionality                                     
between fluorescence and number of molecules is then determined as the ensemble average of ​ν​i                             
obtained from all cells, 
 
or, equivalently, as the area under the parabola best-fit to the mean normalized variance in Fig. 2.7​C​.                                 
We find ​ν​ = 130 ± 10 from 419 cells. 
Compared to the doubling time in M63 minimal medium with glycerol as carbon source                           
(~120 min), the maturation time of Venus is extremely rapid, ~7 min (19, 34). Correcting the                             
estimated TnpA concentration for maturation increases the estimated number of molecules by only                         
~5% (36); we therefore neglect this correction. 
Quantifying Excision with Polymerase Chain Reaction (PCR) 
The initial verification of TE excision shown in Fig. 2.4D was generated with the following                             
primers: 
Tn-junction F 5’-ACGTTACAGGTGGTGTC-3’ 
Tn-pJK14 R 5’-CCAGAGGGCGCCCCAGCTGGCAATT-3’. 
The primer Tn-junction F binds to the unique junction formed when the TE is excised from                               
the plasmid. Together with primer Tn-pJK14 R, it generates an 858 bp amplicon only when excised                               
plasmid is present. To generate Fig. 1C, MG1655 Δ​lac pJK14-ISLAG was grown at 37​o​C with                             
vigorous shaking in two 20 mm glass test tubes with 5 ml M63 + 0.5% v/v glycerol + 25 μg/ml                                     
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kanamycin. 100 ng/ml aTc was added to one tube to induce transposase expression. After overnight                             
growth, cells from each tube were diluted 100× and used as template in a colony PCR reaction with                                   
primers Tn-junction F and Tn-pJK14 R. The templates were amplified using Phusion Flash master                           
mix in a Bio-Rad S1000 thermal cycler with 70​o​C annealing temperature and 15s extension time. 
The primers used for qPCR quantification of excision were 
Tn-qPCR F 5’-GGTGGTGCAGATGAACTTCA-3’ 
Tn-junction R 5’-GACACCACCTGTAACGT-3’. 
To determine optimal cycling conditions, 12 concentrations of a 10× dilution series were                         
made by diluting purified pJK14-mCerulean3 in purified, undiluted, and unexcised pJK14-ISLAG                     
plasmid. This simulates the mix of excised and unexcised plasmid one would expect in the experiment.                               
Amplification was performed in a 96-well hard-shell low-profile thin-wall skirted PCR plate with a                           
thermal gradient of 50​o​C – 70​o​C using SsoAdvanced Universal SYBR Green Supermix. Optimal                         
conditions were determined to be: 
1. 98 ​o​C 3 min 
2. 95 ​o​C 10 s 
3. 62.6 ​o​C 30 s 
4. GOTO 2 49x 
5. 65 ​o​C – 95 ​o​C Melting Curve. 
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These conditions generate a 215 bp amplicon from excised plasmid only with T​m = 89.5​o​C and                               
efficiency ​ε​ = 97.8%. 
qPCR was performed using these cycling conditions on cells grown as described above (see                           
Quantification of Plasmid Copy Number​) with tubes induced with 0, 5, 7, 10, 25, 50, and 100 ng/ml                                   
aTc. As no detectable amplification was generated from the 0 aTc sample, the amount of excised                               
plasmid per cell shown in Fig. 2.6C is quantified relative to the amount of excised plasmid measured in                                   
the 5 ng/ml aTc sample as 
 
where ​ε​5 and ε​i are the efficiencies of amplification of the [aTc] = 5 ng/ml and [aTc] = ​i dilution series,                                         
respectively, ​C​t,i are the threshold cycles determined for each sample, and ​N​cells,i is the average number                               
of cells added to the PCR reaction as determined by plating and counting colony forming units                               
(CFUs) from each sample as described above (see ​Quantification of Plasmid Copy Number​). In                           
practice, ​ε​5 and ε​i are identical within error. Data shown in Fig. 2.6​C are the averages of at least three                                       
experimental replicates, with error bars indicating the standard error of the mean. 
Blue Fluorescence and Excised Plasmid Number Simulations 
Since plasmid copy number can fluctuate over the lifetime of a single cell as a result of                                 
replication, the relationship between number of excised plasmids and the total blue fluorescence of the                             
cell is potentially complex. We therefore performed simple simulations of cell growth and division to                             
determine if the final mCerulean3 fluorescence level is proportional to the average number of excised                             
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plasmids per cell (Fig. 2.13A). The simulation assumes that the total cellular fluorescence is                           
proportional to the number of mCerulean3 molecules inside a cell, mCerulean3 is expressed at a                             
constant rate per TE-excised plasmid, and the number of mCerulean3 molecules is halved when a cell                               
divides. The 2D-projected area of a cell increases at a constant rate and is halved upon division. Also in                                     
the simulation, each plasmid gets replicated only once at a uniformly random time point within a cell                                 
cycle (37), and one of the two resulting plasmids has a probability to be excised if the template plasmid                                     
had unexcised TE. This excision probability is fixed over the lifetime of a single cell, but is chosen                                   
randomly for each cell to result in a distribution of final excised plasmid numbers. A cell keeps only                                   
one of the two resulting plasmids while the other plasmid is passed on to the other daughter cell. Total                                     
plasmid number fluctuates between 8 and 16, giving an average copy number of 12. The final time                                 
point, which corresponds to the point of imaging, is a uniformly random time point between the 12th                                 
and 13th cell division. A total of 10,000 cells were simulated in this manner. This simulation concludes                                 
that the mCerulean3 fluorescence level at the point of imaging is roughly proportional to the excised                               
plasmid number (Fig. 2.13​B​). 
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Fig. 2.13​ ​Simulated Blue Fluorescence as a Function of Plasmid Excision and Cell Growth.  
(A) ​Time trace of TE-excised plasmid number inside a single simulated cell (orange) and time trace of blue                                   
fluorescence level of the same simulated cell (blue). Upon cell division, fluorescent proteins and plasmid                             
numbers are halved. ​(B) Total blue fluorescence / area (AU) vs. number of excised plasmids at time of imaging,                                     
as a result of 10,000 iterations of the simulation. The plot shows that the blue fluorescence / area is roughly                                       
proportional to the number of excised plasmids. Error bars are SDs of the simulated values resulting in                                 
respective excised plasmid number. 
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Luria Delbruck Modeling 
To explain the data in Fig. 2.12A, we made a model of a two-step process. This model is itself                                     
stochastic and we do not attempt to solve it exactly but instead simulate the distribution it produces                                 
and compare it to the experimental distribution in Fig. 2.12​A​. Before we can model the excision                               
process, we need to consider the distribution of colony sizes (cells per colony). We don't model this,                                 
but instead sample with replacement (bootstrap) from the experimental colony size data to generate a                             
new dataset of colony sizes. 
In the first step in the model, we construct a family tree for each colony in our bootstrapped                                   
dataset. We assume each colony starts from one individual which grows and divides until it reaches the                                 
final size of the colony, and we assume that the growth rate is constant over time. Thus the family tree                                       
for a colony is the shallowest one possible. After each division, daughter cells have a heritable change                                 
occur with probability ​p​h​. All descendants of a cell with this heritable change will also have it, and two                                     
sister cells from the same mother do not affect each other. The model makes no assumptions about the                                   
biophysical nature of this heritable change. 
In the experiment, the blue flashes indicating transposon excision occur after growth stops. So                           
in the second step of the model, after growth and division, any cells with the heritable change have                                   
excisions occur with a probability ​p​e​. 
To find the values of the parameters of the model that best explain the experiment we                               
simulated the model for parameter values in a small grid. The summary statistics of the standard error                                 
of the mean and standard error of the standard deviation were used to compare the mean event                                 
densities and standard deviation of event densities between theory and data; the fit was considered                             
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good if the theory was within the standard error of both the mean and the standard deviation, and                                   
acceptable if within two times the standard error for both. The results shown as the red line in Fig.                                     
2.12A are simulations of the model with ​p​h​ = .045 per division and ​p​e​ = .65. 
Notice that if ​p​h = 1, the model collapses to the simplest model you might consider which is                                   
that all events are independent of each other in space and time and obey a Poisson process. The                                   
distribution of event rates is not that of a Poisson process for a fixed colony size though, since colony                                     
size varies. You can see the distribution of event rates for a Poisson process with a rate equal to the                                       
experimental rate in Fig. 2.12​A​ in green. The distribution is transparently wrong. 
You can also consider the possibility that ​p​e = 1 which would correspond to a regular                               
Luria-Delbruck process. Although visually this fit is less accurate than the two step model (not                             
shown), it's not egregiously wrong so we compare the two models using the Akaike Information                             
Criterion (AIC). We approximate the probability of the data given a model from a histogram                             
generated by the model using 20 bins of the same size over the range of values generated. Note that                                     
since we are simulating the models, the histograms will vary slightly from simulation to simulation.                             
100,000 colonies were simulated to generate the histograms. Comparing the two models’ fits, we find                             
ΔAIC ≈ -80 which corresponds to a probability of the two step model being the correct choice over a                                     
purely Luria-Delbruck process equal to ~1 (within floating point error). 
Analysis of Pair Correlation Function and Colony Growth  
The pair correlation function, ​g​(​r​), is a measure of the probability of finding an event (i.e., a                                 
blue fluorescent burst) at a distance ​r away from any other event. The event density at a distance ​r                                     
from any given reference event can be calculated as ​ρ​(​r​) = ​ρg​(​r​), where ​ρ = ​N​/A is the average event                                       
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number density in an entire colony of area ​A​. For a random, homogeneous distribution of ideal                               
particles, such as an ideal gas, ​g​(​r​) = 1. 
To calculate ​g​(​r​) for a colony, each event in the colony is taken in turn as a reference particle.                                     
For each reference particle we calculate the pair correlation function ​g​i​(​r​) for all ​r​, 
   
where N​r is the number of events between two rings a distance ​r and ​r + ​∆r away from the reference                                       
particle. For the data presented in Fig. 2.11C, we take ​∆r = 0.32 μm. To correct for edge effects, ​f​r is                                         
the fraction of the ring area that intersects the colony. We then calculate the colony pair correlation                                 
function ​g​(​r​) as the ensemble average of ​g​i​(​r​),  
   
Colony and ​g(r)​ Simulations 
Deviations of ​g​(​r​) from that of a random distribution of ideal particles can arise from                             
mundane physical sources. For example, ​g​(​r​) for a random distribution of hard spheres in a                             
low-density gas shows a peak at short distances, very similar to that we observe in Fig. 2.11​C purely as a                                       
consequence of entropic volume exclusion effects. However, an explicit theoretical calculation of ​g​(​r​)                         
for unusually shaped particles, such as highly dense and polydisperse spherocylinders representing an                         
E. coli colony, is extremely difficult. Consequently, we performed simulations of ​E. coli growth into                             
microcolonies combined with random distributions of TE events to determine the expected properties                         
of ​g​(​r​) arising from randomly spaced TE events within an ​E. coli​ colony. 
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Our simulations are a modified version of DiSCUS, an agent-based model by Goni-Moreno                         
et al. to study horizontal gene transfer in ​E. coli (​38, 39​). DiSCUS models each cell individually as a                                   
spherocylinder. The simulation is written in the python scripting language and uses the 2D physics                             
engine pymunk (40) as a wrapper for the physics library chipmunk (41), which handles the semi-rigid                               
body dynamics of the cells. The physics engine handles updating the forces and positions of the                               
individual cells that arise from the environment and interactions with other cells. All the cells are                               
non-motile but can be pushed around due to the growth of other neighboring cells. For the results                                 
discussed here, DiSCUS has been modified to remove horizontal gene transfer mechanisms and add                           
transposable element events.  
During each time-iteration the program first checks each spherocylinder to see if it is larger                             
than a critical size. At the critical size the spherocylinder divides into two smaller spherocylinders.                             
After the cell division step the spherocylinders are elongated. If there is too much pressure on an                                 
individual cell it will stop growing until the pressure is reduced. Finally the physics engine resolves the                                 
forces on the cells and updates the spherocylinder positions accordingly, following standard classical                         
mechanics. 
These simulations were used to generate 200 different microcolony morphologies, each                     
starting from a single cell and ending upon reaching a size representative of those we observe in our                                   
experiments (~300 cells with a diameter of ~15 – 16 μm). After growth arrest, 15% of the cells within                                     
each colony morphology were chosen at random to undergo TE events, a rate representative of the                               
average final number of affected cells in each colony we observe experimentally. We calculated ​g​(​r​)                             
resulting from each such random distribution of events within the 200 different colony morphologies,                           
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and repeated this process 3 times. Finally, the mean ​g​(​r​) expected from a completely random                             
distribution of TE events was calculated as the ensemble average of each such calculated ​g​(​r​). 
Supplementary Text 
Note that the event rate distribution among 984 colonies (Fig. 2.12A, blue bars) is consistent                             
with the Poissonian nature of the temporal statistics described by Fig. 2.10A, since the combination of                               
multiple independent Poissonian processes with different rates represented by each colony remains a                         
Poisson process. 
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CHAPTER 3: TESTING THE RETROELEMENT INVASION HYPOTHESIS FOR THE 
EMERGENCE OF THE ANCESTRAL EUKARYOTIC CELL 
Work in this chapter is based on “Testing the Retroelement Invasion Hypothesis for the Emergence of the                                 
Ancestral Eukaryotic Cell”, which was published as a contributed letter in the Proceedings of the                             
National Academy of Sciences Volume 115 Edition 49 on December 4, 2018. The paper was authored by                                 
Gloria Lee, Nicholas Sherer, Neil H. Kim, Ema Rajic, Davneet Kaur, Niko Urriola, K. Michael                             
Martini, Chi Xue, Nigel Goldenfeld, and Thomas E. Kuhlman, most of whom are affiliated with the                               
Department of Physics at the University of Illinois at Urbana-Champaign (Ema was a student at the                               
University Laboratory High School). Analysis and experiments are attributed to the authors who                         
performed the work in their corresponding sections.  
Chapter Summary 
Phylogenetic evidence suggests that the invasion and proliferation of retroelements was one of                         
the early evolutionary events in the emergence of eukaryotes. Retroelements are selfish mobile genetic                           
elements that copy and paste themselves within a host genome. Here we test the effects of this event by                                     
determining the pressures retroelements exert on simple genomes. We transferred two retroelements,                       
human LINE-1 and the bacterial group II intron Ll.LtrB, into bacteria, and find that both are                               
functional and detrimental to growth. We find, surprisingly, that retroelement lethality and                       
proliferation is enhanced by the ability to perform eukaryotic-like nonhomologous end-joining                     
(NHEJ) DNA repair. We show that the only stable evolutionary consequence in simple cells is                             
maintenance of retroelements in low numbers, suggesting how retrotransposition rates and costs in                         
early eukaryotes could have been constrained to allow proliferation. Our results suggest that the                           
interplay between NHEJ and retroelements may have played a fundamental and previously                       
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unappreciated role in facilitating the proliferation of retroelements, elements of which became the                         
ancestors of the spliceosome components in eukaryotes. 
I. Introduction 
The Evolutionary Significance of Retroelements 
The complexity of eukaryotes relative to bacteria and archaea is a consequence of the increased                             
connectivity and plasticity of networks and interactions, rather than an increase in the amount of                             
coding DNA (57). Such complexity is mediated by several mechanisms; one is the spliceosome, a                             
complex molecular machine present in eukaryotes that operates upon nascent mRNAs into mature                         
transcripts. In some animals, for example, ​the spliceosome can generate multiple mRNAs through                         
alternative splicings of a single primary transcript, allowing access to additional complexity without a                           
concomitant increase in the amount of coding DNA. The spliceosome’s primary role is the removal of                               
introns, intervening sequences that disrupt the coding regions of eukaryotic genes and make up, for                             
example, ~24 – 37% of the human genome (58). Conversely, bacteria and archaea lack a spliceosome,                               
and intervening sequences are present only in limited numbers as retrotransposable elements called                         
group II introns.  
Group II introns are found in only ~30% of sequenced bacterial species and are generally                             
present in low copy numbers of ~1 – 10 per individual in those species where they exist (2).                                   
Conversely, retroelements in eukaryotes are vastly more abundant. For example, retrotransposons in                       
humans comprise another ~45% of the genome in addition to introns and make up the majority of                                 
so-called “junk DNA” (58, 59). The human retroelement LINE-1 (or “L1”) alone makes up ~17% of                               
the genome, with ~500,000 total integrants and ~80 – 100 complete and active, or “hot” (L1H), copies                                 
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per individual (20, 60). L1 activity contributes significantly to human genetic heterogeneity, disease,                         
development, and evolution (3, 30-31, 61), and its known mechanisms of transposition show                         
significant similarity to those of bacterial group II introns such as Ll.LtrB (62). This motivates their                               
classification together as target-primed (TP) retrotransposons (63). 
Based on manifold sequence, structural, and mechanistic similarities between bacterial group                     
II introns, the spliceosome, eukaryotic spliceosomal introns, and autonomous eukaryotic                   
retrotransposons, it has been hypothesized that an invasion of group II introns from an endosymbiotic                             
eubacterial organelle contributed to the proliferation of introns within eukaryotic genomes prior to                         
the last eukaryotic common ancestor (64, 65). If so, the resulting disruption to protein coding                             
sequences could be alleviated by, among other contributing factors, consolidation of intron maturase                         
splicing activity within the centralized spliceosome complex (2, 66) and the spatial decoupling of                           
transcription and translation by a nuclear envelope (67, 68), although the order in which these                             
developments occurred remains unclear. However, what enabled the proliferation of retroelements in                       
eukaryotes and the evolutionary pressures and mechanisms limiting proliferation of retroelements in                       
bacteria and archaea remain poorly understood and the subject of speculation (64, 69), particularly in                             
light of the horizontal transfer of proliferative autonomous retroelements from humans to bacteria as                           
in the case of the recent transfer of L1 to the pathogen ​Neisseria gonorrhoeae​ (70). 
Summary of Findings 
In order to illuminate the changes in cellular machinery and tolerance of retroelements that                           
would have been necessary to go from simple bacterial-like systems to eukaryotic ones it would be                               
important to understand precisely how retroelements may produce deleterious effects (71), what limits                         
their activity in simple genomes, and what may have enabled their proliferation in eukaryotic genomes.                             
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To this end, we have constructed a bacterial version of L1 to assess quantitatively the function and                                 
effects of retroelement expression in the bacteria ​Escherichia coli and ​Bacillus subtilis​, and we compare                           
its effects to those of the bacterial group II intron Ll.LtrB. We find that L1 is functional in ​E. coli​,                                       
successfully integrating into its genome. We demonstrate that retroelement expression is severely                       
detrimental to both ​E. coli and ​B. subtilis​, with wildtype ​B. subtilis in particular unable to tolerate any                                 
retroelement expression. We find that capacity of the host to perform nonhomologous end joining                           
(NHEJ) repair of DNA double breaks increases retrotransposition rates by approximately three orders                         
of magnitude, and that, surprisingly, NHEJ also strongly enhances bacterial sensitivity to the activity                           
of retroelements. We show that these results demonstrate that retroelement activity generally leads to                           
low copy numbers or extinction as seen in bacteria and archaea, and that proliferation of retroelements                               
in eukaryotes and subsequent addition of complexity to the eukaryotic genome may have been enabled                             
by precise tuning of parameters leading to suppression of growth defects and enhancement of                           
integration efficiency. 
‘Copy-and-Paste’:​ ​Mechanism for Target-Primed Reverse Transcription 
To fully appreciate how human LINE-1 (L1) and bacterial Ll.LtrB molecularly impact their                         
host genomes, we first review their remarkably similar mechanisms of action, likely evincing their                           
shared evolutionary origin (Fig. 3.1). L1 codes for the proteins ORF1p and ORF2p, and Ll.LtrB codes                               
for LtrA. While ORF1p is thought to bind transcribed L1 mRNA to prevent degradation, ORF2p                             
and LtrA both contain endonuclease and reverse transcriptase domains facilitating replication of the                         
retroelements into new chromosomal loci (64). After transcription and translation, each protein binds                         
in cis to its encoding RNA, and the resulting ribonucleoprotein particle can then bind and cut a T-rich                                   
target DNA molecule using the endonuclease domain. The poly(A) tract of the mRNA 3’ end                             
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hybridizes with the cut T-rich DNA, which is used by the reverse transcriptase domain as a primer for                                   
target-primed reverse transcription (TPRT) 72). This generates a new cDNA copy of the retroelement                           
at a non-specific location in the genome, a process known as ectopic retrotransposition. L1                           
retrotransposition rates are poorly quantified in human somatic cells, and, in ​E. coli​, ectopic                           
retrotransposition of Ll.LtrB occurs with a frequency of ~1 per 10​9 exposed cells (62, 73, 74). In its                                   
native host, ​Lactococcus lactis​, Ll.LtrB can also undergo a process called retrohoming, where                         
integration is targeted to a unique, specific site in the ​ltrB​ gene with ~100% efficiency (62, 73, 74). 
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 Fig. 3.1 LINE-1 Retrotransposition Mechanism 
This is a simplified depiction of the LINE-1 retrotransposon mechanism. LINE-1 contains two open reading                             
frames (ORF1 and ORF2) followed by a poly-A tail. Upon transcription and translation, the proteins encoded                               
by the open reading frames recognize the LINE-1 mRNA, and can reverse transcribe the mRNA back into                                 
DNA at a target site, thereby generating an additional copy of LINE-1 in the genome. 
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II.  Experiments and Analysis  
Building a Bacteria-Expressible Human Retrotransposon 
Contributing Authors: TEK 
TEK extracted the active or ‘hot’ L1 element (L1H) #4-35 (20) from his own genome and                               
modified it for tunable expression in ​E. coli​. PCR was used to add a T7​lac promoter at the 5’ end and a                                           
strong ribosomal binding site (RBS) to drive ORF1p expression (Fig. 3.2A, top). The construct,                         
named TL1H, was ligated into the plasmid pTKIP-neo (75, 76) and transformed into ​E. coli strain                               
BL21(DE3). TL1H expression is tunable via addition of isopropyl β-D-1-thiogalactopyranoside                   
(IPTG). We also synthesized ​de novo a version of L1H ‘optimized’ for bacterial expression, EL1H (Fig.                               
3.2A, bottom). This construct uses ​E. coli ​codon bias, drives both ​ORF1 and ​ORF2 expression with                             
consensus RBS sequences, and includes a ~100 bp DNA-encoded poly-A tract at the 3’ end, a feature                                 
shown to enhance retrotransposition efficiency (77).  
Similarly, Ll.LtrB was transformed into ​E. coli BL21(DE3) on the plasmid pET-TORF/RIG,                       
the kind gift of the Marlene Belfort lab (62,78). pET-TORF/RIG uses the same pBR322 plasmid                             
backbone as pTKIP, and Ll.LtrB is expressed from the same T7​lac promoter as employed for L1                               
expression (Fig. 3.2B). Hence, expression levels of both L1 and Ll.LtrB are comparable between                           
experiments in ​E. coli​. In ​B. subtilis​, we subcloned TORF/RIG and EL1H into the shuttle vector                             
pHCMC05 under control of the IPTG-inducible hyper-spank promoter (79). 
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Fig. 3.2 Synthetic LINE-1 and Ll.LtrB Constructs.  
(A) L1 constructs used in this study. Top: TL1H has human sequence (indicated by red), and was modified for                                     
expression in ​E. coli using a bacterial T7​lac promoter and a consensus Shine Dalgarno ribosomal binding site                                 
driving ORF1 (RBS). Bottom: EL1H is driven by P​T7​lac and has consensus RBS for ORF1 and ORF2. EL1H                                   
has a 100 bp 3’ poly(A) tract and has ​E. coli codon bias (indicated by black). ​(B) The Ll.LtrB construct                                       
TORF/RIG. TORF/RIG drives the expression of the Ll.LtrB group II intron, with the ​ltrA coding sequence                               
towards the 3’ end of the intron driven by a strong RBS. TORF/RIG includes a kanamycin resistance gene                                   
encoded in the opposite orientation whose coding sequence is disrupted by the group I intron ​td​Δ1-3 for                                 
determination of retrotransposition frequencies.  
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Effects of Eukaryotic Retroelement Activity on Bacterial Cell Growth  
Contributing Authors: GL, TEK, ER, NU, NS 
To assess the effects of L1 expression on bacteria, we first transformed pTKIP-TL1H/EL1H                         
constructs into ​E. coli BL21(DE3), a strain that expresses T7 polymerase (80). A decrease in growth                               
rate in response to increasing L1 expression is immediately apparent in cultures titrated with IPTG                             
(Fig. 3.3A-B). To test the generality of this effect, we next assessed the effects of L1 expression on ​B.                                     
subtilis​. In contrast to ​E. coli​, ​B. subtilis is a Gram-positive bacterium able to repair DNA double                               
strand breaks through a simple two-protein nonhomologous end joining (NHEJ) system in a manner                           
similar to eukaryotes (81). Hence, we hypothesized that ​B. subtilis would be more resistant to L1 and                               
cleavage of DNA by ORF2p endonuclease than ​E. coli​, which lacks capacity for NHEJ repair. Instead,                             
we find the opposite: wildtype ​B. subtilis 168 cannot survive transformation with pHCMC05-EL1H                         
(Fig. 3.3C). Conversely, we obtain high yield transformation of EL1H into ​B. subtilis strains with                             
knockouts of the individual NHEJ repair enzymes Ku (​ykoV​) or LigD (​ykoU​), as well as with both Ku                                   
and LigD knocked out (82). A Miller assay of expression level from the positive control plasmid                               
pHCMC05-​lacZYAX expressing ​E. coli​’s metabolic ​lac enzymes from the hyper-spank promoter                     
shows that expression is weak but leaky in ​B. subtilis (Fig. 3.4). We conclude that wildtype ​B. subtilis is                                   
extremely sensitive to even low levels of L1H expression, and that this growth defect is enhanced by                                 
NHEJ repair. 
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Fig. 3.3 LINE-1 Expression is Detrimental to Bacterial Cell Growth.  
(A) L1 is detrimental to ​E. coli growth. Example growth curves for BL21(DE3) pTKIP-TL1H growing in M63                                 
glucose medium including 0 (magenta), 10 μM (blue), 20 μM (green), and 35 μM (yellow) IPTG. (B) ​Growth                                 
response as a function of [IPTG] for BL21(DE3) pTKIP-TL1H (top) and pTKIP-EL1H (bottom) in various                             
media; magenta - RDM glucose, blue - RDM glycerol, green – cAA glucose, yellow – M63 glucose, red – M63                                       
glycerol. Growth rates were determined using the slope of the best fit regression of the initial linear portion of                                     
Log​2​(OD600) versus time, as in (A). Points are the average of three independent replicates, and shaded regions                                 
indicate the standard deviation. ​(C) Wildtype ​B. subtilis cannot survive transformation with EL1H (first                         
column), while NHEJ knockouts relieve sensitivity (second column: Δ​ykoU​; third column Δ​ykoV​; fourth                         
column Δ​ykoU Δ​ykoV​). First row: negative control (TE buffer only); second row: positive control                           
(pHCMC05-​lacZYAX​).; third row: pHCMC05-EL1H. We performed transformations in four independent                   
replicates with identical results. ​(D) Example ​E. coli BL21(DE3) cultures in RDM glucose grown for 20 hours.                               
Left - pTKIP, pUC57-NHEJ; middle – pTKIP-EL1H, pUC57; right – pTKIP-EL1H, pUC57-NHEJ. All                         
cultures contain no IPTG and 100 ng/ml aTc. 
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Fig. 3.4 Leaky Retroelement Expression in ​B. subtilis.  
LacZ activity of uninduced (left) and induced (right) ​B. subtilis 168 transformed with pHCMC05-​lacZYAX                           
was measured with a Miller assay (24). Bars are the mean of six independent replicates and error bars are the                                       
standard deviation. 
 
   
 
60 
We next cloned and expressed the ​B. subtilis NHEJ enzymes (BsKu and BsLigD) in ​E. coli                             
under control of the aTc inducible P​Ltet01 promoter (40). We verified that BsKu and BsLigD were                               
functional in ​E. coli by ensuring their ability to rescue strains where we induced the homing                               
endonuclease I-SceI to create double stranded chromosomal breaks at chromosomally integrated I-SceI                       
recognition sites [Fig. 3.5; (75, 76, 83)]. We then verified the enhancement of lethality of L1 by NHEJ                                   
by cotransformation of BL21(DE3) with plasmids expressing L1 and NHEJ enzymes. We find that                           
even low leakage expression of EL1H without addition of IPTG is lethal to ​E. coli with concomitant                                 
induction of NHEJ enzymes with 100 ng/ml aTc (Figure 3.3D). 
To quantify the effect of L1 and Ll.LtrB RIG expression on ​E. coli growth, we measured the                                 
growth rate as a function of expression level by titration with IPTG and periodic measurement of                               
optical density in a variety of growth media (Fig. 3.3A-B for L1 and Fig. 3.6A-B for Ll.LtrB). Even                                   
with no induction, leaky expression of L1 significantly reduces the growth rate relative to the parent                               
strain carrying an empty plasmid, and complete growth arrest occurs at IPTG concentrations of 35 –                               
50 μM (Fig. 3.3B). We measured the transcriptional response function of the T7​lac promoter by                             
quantitative reverse transcription PCR (qRT-PCR, Fig. 3.7A-D) of L1 mRNA extracted from                       
bacteria grown at those IPTG concentrations where cultures survive (Fig. 3.7E). The resulting                       
dose-responses as a function of L1 RNAs and Ll.LtrB RNAs per cell are shown in Fig. 3.8A and Fig.                                   
3.8B respectively. In Fig. 3.8A, data from TL1H is plotted as blue points, EL1H as red points, and                                   
EL1H + NHEJ as black points. In Fig. 3.8B, data from Ll.LtrB is plotted as red points, and Ll.LtrB +                                       
NHEJ as black points. The normalized growth rate decreases exponentially with increasing numbers                         
of retroelement RNAs, and growth conditions do not affect this response. Solid lines in Fig. 3.8A-B                               
correspond to fits to the exponential function , where ​L is the average number of L1 or                                 
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Ll.LtrB RNAs per cell and the parameter ​b quantifies the growth defect and sensitivity to retroelement                               
expression. We find that, on average, each L1 transcript yields a decrease in ​E. coli​’s growth rate of                                 
~0.83 ± 0.06% (TL1H) or 1.9 ± 0.6% (EL1H) in the absence of NHEJ, and ≥45 ± 1.6% with NHEJ.                                       
Each Ll.LtrB transcript reduces the growth rate by 0.11 ± 0.02% in the absence of NHEJ and 0.82 ±                                     
0.11% with NHEJ. As might be expected due to the ability of LtrA maturase to excise Ll.LtrB from                                   
interrupted genes, the growth defect resulting from Ll.LtrB is weaker than that from L1. 
The Ll.LtrB growth defect is also evident in plating assays to determine retrotransposition                         
efficiency. Induction of Ll.LtrB expression with 100 µM IPTG reduces the number of viable colony                             
forming units (cfus) per milliliter per OD by ~10x. Simultaneous induction of Ll.LtrB with 100 µM                               
IPTG and induction of NHEJ enzymes with 100 ng/ml anhydrotetracycline reduces viable                       
cfus/OD/ml by ~100x, while induction of expression of NHEJ enzymes alone has no detectable                           
effect. 
Finally, we attempted to transform Ll.LtrB into ​B. subtilis as the plasmid                       
pHCMC05-TORF/RIG, with Ll.LtrB under control of the ​lacI​-regulated hyper-spank promoter. As                     
with L1, we find that wildtype ​B. subtilis 168 cannot survive transformation with Ll.LtrB, while                             
knockouts for the NHEJ genes ​ykoU​, ​ykoV​, and both ​ykoU and ​ykoV are transformed with high yield                                 
(Fig. 3.6C). 
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Fig. 3.5​ B. subtilis​ NHEJ Enzymes Function in ​E. coli.  
Turbidity of cultures grown for ~36 hours at 30 ​o​C after inoculation with identical amounts of cells. Bacterial                                   
strains are MG1655 Δ​lac carrying the plasmid pTKRED, which expresses the homing endonuclease I-SceI                           
when induced with L-arabinose. Additional plasmids and modifications are, from top to bottom - first row:                               
pUC57-​kan​; second row: pUC57-​kan​-NHEJ; third row: pUC57-​kan with I-SceI sites integrated at the ​atpI                           
chromosomal locus (3-5); fourth row: pUC57-kan-NHEJ with I-SceI sites integrated at the ​atpI chromosomal                           
locus. Columns correspond to different inducer conditions – first column: 0 aTc, 0 L-arabinose; second                             
column: 100 ng/ml aTc, 0 L-arabinose; third row: 0 aTc, 0.4% w/v L-arabinose; fourth row: 100 ng/ml aTc,                                   
0.4% L-arabinose. Lack of turbidity in row 3, columns 3 and 4 demonstrate that I-SceI double strand breaks are                                     
lethal to ​E. coli (3). Recovery of turbidity in row 4, columns 3 and 4 demonstrate that even low, leakage                                       
expression of ​B. subtilis​ NHEJ enzymes rescue ​E. coli​ growth. 
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Fig. 3.6 Ll.LtrB Expression is Detrimental to Non-Native Bacterial Cell Growth  
(A) Expression of TORF/RIG is detrimental to ​E. coli growth. Example growth curves for BL21(DE3)                             
pET-TORF/RIG growing in M63 glucose medium including 0 (magenta), 10 μM (blue), 20 μM (green), 35                             
μM (yellow), 50 μM (red), and 100 μM (cyan) IPTG. ​(B) Growth response as a function of [IPTG] for                                     
BL21(DE3) pET-TORF/RIG pZA31-​tetR (top) and pET-TORF/RIG pZA31-NHEJ (bottom) in various                   
media; magenta - RDM glucose, blue - RDM glycerol, green – cAA glucose, yellow – M63 glucose, red – M63                                       
glycerol. Growth rates were determined using the slope of the best fit linear regression line of Log2(OD600)                                 
versus time, as in (A). Points are the average of three independent replicates, and shaded regions indicate the                                   
standard deviation. ​(C) Wildtype ​B. subtilis cannot survive transformation with pHCMC05-TORF/RIG (first                     
column), while NHEJ knockouts somewhat relieve sensitivity (second column: Δ​ykoU​; third column Δ​ykoV​;                         
fourth column Δ​ykoU Δ​ykoV​). First row: negative control (TE buffer only); second row: positive control                             
(pHCMC05-​lacZYAX​).; third row: pHCMC05-TORF/RIG. We performed transformations in four                 
independent replicates with identical results.   
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Fig. 3.7 qRT-PCR to Determine Absolute Number of LINE-1 RNA Expression 
(A) Amplification curves of reverse transcribed serial 10x dilutions of ​in vitro transcribed TL1H RNA as an                                 
absolute standard (black), along with reverse transcribed RNA extracted from BL21(DE3) pTKIP-TL1H                       
grown in M63 glucose medium with 0 (red), 10 μM (yellow), 20 μM (green), and 50 μM (blue) IPTG. (B)                                       
Absolute quantification of TL1H RNA numbers. Black circles are critical cycle numbers (C​q​) of the ​in vitro                                 
standards from (A), colored crosses are C​q​s of BL21(DE3) pTKIP-TL1H RNA with the threshold at ~200 AU.                                 
PCR efficiency was 90.5%. ​(C) Melting curves and their unimodal derivatives ​(D) ​resulting from qRT-PCR,                             
demonstrating clean amplification of TL1H cDNA. Melting temp of the amplicon was 84.5 ​o​C. ​(E) RNA was                               
extracted from BL21(DE3) pTKIP-TL1H grown in RDM glucose (magenta), RDM glycerol (blue), M63                         
glucose (yellow), cAA glucose (green), or M63 glycerol (red) with 0, 10, 20, 35, or 50 μM IPTG and quantified                                       
through qRT-PCR. Concentrations of IPTG higher than 50 μM were nonviable in all media except M63                               
glycerol, where concentrations higher than 20-35 μM were generally nonviable. The number of RNAs                         
determined by qRT-PCR was divided by the number of cells added to the reaction, determined by                               
measurement of OD600 and plating performed at the time of harvest. Shaded magenta region shows the                               
standard error of the mean of four experimental replicates for samples prepared in RDM glucose. The standard                                 
errors of other samples are similar, but not shown for clarity. The number of LINE-1 RNAs per cell obtained                                     
for each growth and induction condition thus obtained were used as the x-axis in Figure 3.6. 
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Fig. 3.8 Bacterial Growth Rate as a Function of Retroelement RNA Expression   
(A) Normalized growth rate as a function of L1 expression on ​E. coli growth in a variety of media. ●: RDM                                         
glucose; ■: RDM glycerol; ◊: cAA glucose; ▲: M63 glucose; ▼: M63 glycerol. Blue points: TL1H; red points:                                   
EL1H; black points: EL1H and TL1H + NHEJ. Each point corresponds to the mean of three growth and four                                     
qRT-PCR measurements; error bars: SEM. Solid lines: fits to , yielding ​b = 0.0083 ± 0.0006                               
(TL1H), ​b = 0.019 ± 0.006 (EL1H), and ​b​ = 0.600 ± 0.031 (TL1H and EL1H +NHEJ). Fit errors are 95% CI                                   
(shaded regions). Inset: same, with log y-axis. ​(B) Same as (A), quantifying effects of pET-TORF/RIG                             
pZA31-​tetR (red) and pET-TORF/RIG pZA31-NHEJ (black). Inset scales are identical to (A). Exponential fits                           
yield ​b​ = 0.0011 ± 0.0002 (-NHEJ), ​b​ = 0.0082 ± 0.0011 (+NHEJ). 
 
 
 
66 
Eukaryotic Retroelements Successfully Integrate into ​E. coli ​Chromosome 
Contributing Authors: TEK 
Several lines of evidence demonstrate that both Ll.LtrB and L1 successfully retrotranspose into                         
the bacterial chromosome. ​E. coli carrying the pTKIP-EL1H plasmid were induced to express EL1H                           
for several generations. Surviving cells were transformed with the plasmid pTKRED, which expresses                         
the homing endonuclease I-SceI (75, 76, 83) to digest pTKIP-EL1H ​in vivo​. Colony PCR and gel                               
electrophoresis (Fig. 3.9A) show that cells no longer carrying pTKIP-EL1H still contain EL1H,                         
demonstrating successful chromosomal integration. Colony PCR was also used to determine whether                       
any surviving cells acquired the entire active EL1H sequence, using primers that amplified a 500bp                             
portion near the 5’ end. A positive signal was detected in 3 out of 80 screened colonies, and was                                     
verified via sequencing (Fig. 3.10). As another phenotypic test, we synthesized the construct EL1HID                           
(Fig. 3.9B) to report EL1H integration via fluorescence. EL1HID contains an mTFP1 gene expressed                           
from a strong promoter whose -10 and -35 sequences are separated by the group I intron ​td​Δ1-3 (84).                                   
After transcription, ​td​Δ1-3 catalyzes its own excision from the transcribed mRNA, which                       
reconstitutes the mTFP1 promoter, and allows expression of teal fluorescent protein upon successful                         
retrotransposition. When EL1HID was transformed into ​E. coli and weakly induced, ~1% of cells                         
exhibited a total fluorescence >10X brighter than any cells from control strains. With simultaneous                           
weak induction of NHEJ enzymes, the fluorescent population increased to ~80% (Fig. 3.9C-F). 
Using a similar retromobility indicator gene (RIG) in Ll.LtrB (62), we found that NHEJ also                             
enhances the rate of Ll.LtrB ectopic retrotransposition. The RIG is comprised of a kanamycin                           
resistance gene whose sequence is interrupted by ​td​Δ1-3 (Fig. 3.2B). After growing cultures of ​E. coli                               
expressing Ll.LtrB and plating on selective media containing kanamycin, we determined the frequency                         
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of successful ectopic retrotransposition to be 3.0 ± 0.9 x 10​-9​, consistent with measurements by Coros                       
et al (59). For cells simultaneously expressing NHEJ enzymes, the efficiency increased approximately                         
three orders of magnitude to 4.6 ± 0.4 x 10​-6​.  
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Fig. 3.9 L1 Integrates into the ​E. coli​ Genome  
(A) Non-clonal colony PCR to detect EL1H (LINE-1 lanes) and pTKIP (Plasmid lanes). Left: BL21(DE3)                             
negative control. Middle: BL21(DE3) pTKIP-EL1H positive control. Right: Strain post EL1H exposure and                         
plasmid curing. ​(B) EL1HID, a construct for detecting successful retrotransposition of EL1H in individual cells                             
by fluorescence. The integration detection cassette (ID) consists of ​mTFP1 with consensus σ​70 promoter and                             
RBS. -10 and -35 core promoter sequences are split by the group I intron ​td​Δ1-3 (sequences shown below).                                   
Upon successful retrotransposition the cell fluoresces blue. ​(C) ​Induced BL21(DE3) pTKIP-EL1HID are                       
visibly fluorescent with UV illumination. ​(D-F) Phase contrast (top) and fluorescence microscopy (bottom) of                           
induced (20 μM IPTG) (D) BL21(DE3) pTKIP-neo negative control, (E) BL21(DE3) pTKIP-EL1H, (F)                         
BL21(DE3) pTKIP-EL1HID, and (G) BL21(DE3) pTKIP-EL1HID pUC57-NHEJ (0 IPTG, 5 ng/ml aTc). 
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Fig. 3.10 Detection of Full-Length EL1H Genomic Integrants.  
Representative 2% agarose gel electrophoresis of colony PCR of eight isolated colonies of BL21(DE3) that had                               
been exposed to EL1H and cured of pTKIP-EL1H using primers that anneal to the 5’ end of EL1H and                                     
produce a 500 bp amplicon. BL21(DE3) was used as a negative control, and BL21(DE3) pTKIP-EL1H as a                                 
positive control. The large fluorescent smear near the positive control band was a result of excess ethidium                                 
bromide staining. Since EL1H RNA is reverse transcribed and integrated starting from the 3’ end, presence of                                 
the 5’ end indicates complete integration. Out of 80 colonies tested, we found 3 colonies yielding this 500 bp                                     
product indicating complete integration of EL1H. 
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III.  Discussion 
Retroelement Proliferation in Simple Cells is Limited by Insertion Rate and Lethality 
Contributing Authors: KMM, CX, NS, GL, TEK, NG 
That both human L1H and bacterial Ll.LtrB expression results in exponential decrease in                         
growth rate suggests a simple universal underlying mechanism: that each retroelement mRNA                       
transcript has a probability of integrating and disrupting essential genes affecting growth. In the                           
simplest model of this type, the probability that a cell will survive is described by a binomial                                 
distribution with zero disruptive integration events, leading to an exponential decrease in growth rate                           
with transcript number; including variable integration rates and physiological responses does not                       
significantly affect the resulting behavior. Consequently, in bacteria the growth defect is a                         
monotonically increasing function of the integration rate. To further understand how                     
retrotransposons will proliferate within a host genome, we constructed a simple model of retroelement                           
activity, motivated by the existing body of work on retroelement activity (71, 85-91), and analyzed its                               
dynamics. Populations of asexually multiplying cells were simulated based on measured integration                       
rates and growth defects, and allowed to evolve over 10,000 generations. The resulting phase diagrams                             
are shown in Fig. 3.11A and Fig. 3.11B for retrohoming (reflective boundary conditions) and                           
retrotransposition (absorbing boundary conditions), respectively. We find that retrohoming generally                   
leads to low but stable numbers of retroelements, while the parameters with which retrotransposition                           
occurs must be finely tuned in order to achieve long-lived states with proliferation of retrotransposons                             
in the host. 
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Fig. 3.11 Phase Diagram of Retrotransposon Dynamics  
We simulated the model of retrotransposon dynamics, using a total system size [defined as the number of                                 
available empty sites in the environment plus (effective) number of individuals in the population] of Ω = 10​9​,                               
with an initial population of ​ψ​1 = 0.1 and all other states empty. This initial state was allowed to evolve for                                         
10,000 generations with Δ = 10​-8 retrotransposon​-1 cell​-1 generation​-1 ​and ​β = 10​-2 cell​-1 generation​-1​, at the                                 
conclusion of which we calculated the average number of retrotransposons per cell over the extant population.                               
Results are shown for (A) reflecting boundary conditions with ​x​max​ = 4 and (B) absorbing boundary conditions                             
with . 
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The phase portrait in Fig. 3.11B shows that there exists a small set of parameter values (low                                 
growth defect, b, of less than 0.01 and high integration rate, ​µ​, of ~10​-3 retrotransposon​-1 cell​-1                               
generation​-1​) where retrotransposons can proliferate to high numbers. Coupling of the integration rate                         
and growth defect implies that increases in the integration rate inexorably push bacteria towards the                             
upper right of the phase diagram, and thus towards extinction. Hence, the bacterial phase space is                               
highly constrained, and they are unlikely to be found within this small proliferative regime. 
To demonstrate this, we performed simulations using absorbing boundary conditions across                     
parameter values, and for each, we recorded the number of generations required for the                           
retrotransposon to go extinct. The result is shown in Fig. 3.12. From this analysis, we see that the time                                     
required for a retrotransposon to go extinct can vary over ~7 orders of magnitude, depending upon its                                 
dynamics and effects. For those parameter regimes corresponding to the aggressive autonomous                       
retrotransposon L1 (​b ≥ 10​-2​, ​µ​ ≥ 10​-2​ retrotransposon​-1 cell​-1 generation​-1​), extinction of retroelements                     
is rapid, occurring in ~100 – 10,000 generations. Conversely, parameter regimes corresponding to the                           
group II intron Ll.LtrB (10​-3 ≤ ​b ≤ 10​-2​, 10​-9​ ≤ ​µ​ ≤ 10​-6​ retrotransposon​-1 cell​-1 generation​-1​) can persist                           
in low copy numbers (~1 per cell) for millions to tens of millions of generations. We additionally see                                   
that the small parameter regime where retrotransposons can proliferate to high copy numbers (​b ≤                             
10​-2​, ​µ​ ~ 10​-3​ - 10​-4 retrotransposon​-1 cell​-1 generation​-1​) persists for hundreds of thousands to millions                         
of generations, and could be maintained longer with the inclusion of horizontal gene transfer. 
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Figure 3.12 Time to Extinction of Retroelements in a Bacterial Population  
Simulations of the model with absorbing boundary condition at , system size of Ω = 10​9​, Δ                             
= 10​-8 retrotransposon​-1 cell​-1 generation​-1​, ​β = 10​-2 cell​-1 generation​-1 and initial population of ​ψ​1 = 0.1 with all                                     
other states empty. Color indicates the number of generations required for the average number of                             
retrotransposons per cell to drop below 1/Ω​. Solid contour lines indicate major decade divisions, dashed                             
contour lines indicate half-decade divisions. 
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Hence, this simple model suggests that in order for retroelements to proliferate to high                           
numbers within asexual populations the coupling of integration rate and growth defect must be                           
weakened. Additionally, increases in retrotransposition efficiency by NHEJ, present in all extant                       
eukaryotes, must also be compensated for by suppression of the growth defect to enable proliferation.                             
Indeed, it is hypothesized that many eukaryotic features arose specifically to mitigate the effects of                             
retroelements (2, 64, 67, 68, 92, 93). For example, the nuclear membrane allows the spliceosome to                               
complete intron excision before nuclear export and translation (67, 68). Furthermore, important                     
spliceosomal components are derived from group II introns, and consolidation of splicing activity into                           
the spliceosomal complex may facilitate efficient intron removal (2, 64). With the spliceosome, further                           
complexity added to the eukaryotic genome by retroelements could then be exploited for benefit                           
through, for example, alternative splicing by exon-skipping in some eukaryotes. In summary,                       
proliferation of retroelements plays a dual role. On the one hand, group II introns create genome                               
instability and negative physiological effects. On the other hand, by duplicating themselves, copies of                           
group II introns are free to diversify and become the ancestors of both spliceosome and spliceosomal                               
introns (64, 65). 
We hypothesize that NHEJ enhances retrotransposition by directly joining of the newly                       
reverse-transcribed retroelement with the remaining free end of the endonuclease-induced break.                     
Without NHEJ, this break can only be repaired through homologous recombination, generally leading                         
to removal of the integrant and apparent low retrotransposition efficiencies, as observed in                         
NHEJ-deficient ​E. coli​. However, it is surprising that minimal, two-protein bacterial NHEJ systems                         
interact with and enhance human L1 retrotransposition efficiency. Intriguingly, NHEJ proteins also                       
heavily associate with telomeres and are required for proper telomere length regulation and end                           
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protection (94, 95). Furthermore, the reverse transcriptase activity of telomerase likely shares a                       
common ancestor with group II introns, and in some organisms, ​e.g.​, ​Drosophila​, telomere                         
maintenance is performed by retroelements rather than telomerase (64). Combined with our results,                         
we conjecture that NHEJ systems, together with retroelement proliferation, were implicated in the                         
unexplained evolutionary transition from generally circular bacterial chromosomes to linear                   
eukaryotic chromosomes (64, 92, 95). 
IV.  Materials and Methods 
Strains and Media 
Manipulation of constructs was performed with ​E. coli strain NEBTurbo (New England                       
Biosciences). Experiments assaying effects of retroelement expression in ​E. coli ​were performed in the                           
strain BL21(DE3). ​B. subtilis experiments were performed with strain 168, as well as Δ​ykoU                           
(WN1080/BFS1845), Δ​ykoV (WN1081/BFS1846), and Δ​ykoU Δ​ykoV (WN1082/BFS1847)             
knockout strains (31). 
Plasmid Construction 
To create the human-extracted version of L1, TL1H, TEK extracted his genomic DNA by a                             
buccal swab followed by phenol-chloroform extraction and ethanol precipitation.(1) Using TEK’s                     
genomic DNA, we amplified an L1 element using primers designed to target the highly active L1                               
element #4-35 identified by Beck et al. (2) between the AccI restriction sites they used for cloning and                                   
testing of retrotransposition efficiency. The PCR fragment resulting from TEK’s DNA was amplified                         
again using primers containing a T7​lac promoter with a consensus Shine-Dalgarno RBS that annealed                           
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to the 5’ end of ORF1 and that flanked the L1 element with ApaI and SalI restriction sites. The                                     
resulting PCR product was purified (QIAquick PCR purification kit, QIAGEN), digested with ApaI                         
and SalI, and ligated into similarly prepared pTKIP-​neo plasmid (3, 4), forming plasmid                         
pTKIP-TL1H. 
The ​E. coli optimized L1 element, EL1H, was designed with Vector NTI software (Thermo                           
Fisher Scientific) and synthesized ​de novo and cloned into pUC57-​kan by GENEWIZ Gene Synthesis                           
(GENEWIZ). The EL1H cassette is flanked by I-SceI restriction sites and LP1 and LP2 sequences for                               
chromosomal integration in future experiments (3-5). BL21(DE3) transformed with pUC57-EL1H                   
do not survive due to leaky L1 expression from the high copy number pUC57 plasmid. We digested                                 
pUC57-EL1H with I-SceI (New England Biosciences) and gel purified the resulting EL1H fragment                         
(QIAquick gel extraction kit, QIAGEN). We ligated EL1H into pTKIP-​neo plasmid that had been                           
I-SceI digested, dephosphorylated with Antarctic Phosphatase (NEB), and gel purified. The resulting                       
plasmid, pTKIP-EL1H, is medium copy number and was used for all experiments described here. 
To generate pTKIP-EL1HID, the mTFP1ID (Integration Detection) cassette sequence was                   
designed with Vector NTI software and synthesized and cloned into pUC57-​kan by GENEWIZ. We                           
non-directionally subcloned mTFP1ID into an XhoI restriction site designed into pTKIP-EL1H                     
between ORF2 and the poly(A) tract, and the correct orientation was determined by screening                           
resulting clones by restriction fragment length analysis following digestion with PvuII (NEB).  
To create plasmids pHCMC05-EL1H and pHCMC05-TORF/RIG, EL1H was amplified                 
from pTKIP-EL1H and TORF/RIG was amplified from pET-TORF/RIG using primers including                     
AatII and XmaI restriction sites. The resulting products were digested, gel purified, and ligated into                             
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the AatII and XmaI restrictions sites within the MCS of pHCMC05. pHCMC05-​lacZYAX was made                           
by amplifying the ​lacZYA operon from ​E. coli MG1655 by colony PCR, including some sequence of                               
the ​cynX gene downstream of ​lacA​, using primers containing XbaI and XmaI restrictions sites. This                             
PCR fragment was digested, PCR purified, and ligated into the XbaI and XmaI restriction sites of                               
pHCMC05. pHCMC05-​lacZYAX was designed to be exactly the same size as pHCMC05-EL1H                       
(13,941 bp) and express ​lacZ ​from the same promoter and ribosomal binding site as EL1H and                               
TORF/RIG in pHCMC05. 
To assess the effects of NHEJ enzymes in ​E. coli​, we designed a cassette expressing the ​B.                                 
subtilis NHEJ genes ​ykoU and ​ykoV from the synthetic promoter P​Ltet01​(6) using VectorNTI software.                           
We optimized codon usage of ​ykoU and ​ykoV for expression in ​E. coli and included in the cassette the                                     
gene encoding tet repressor expressed from a strong constitutive P​lacIQ promoter. The cassette was                           
synthesized ​de novo by GENEWIZ and cloned into the plasmid pUC57-​kan​. To generate                         
pUC57-cat-NHEJ, we exactly replaced the kanamycin resistance gene neo with chloramphenicol                     
acetyltransferase, ​cat​, by recombineering in strain SW102 (7). To create plasmid pZA31-NHEJ, the                         
NHEJ cassette was subcloned into pZA31 by cutting pUC57-kan-NHEJ with I-SceI and ligating the                           
cassette into the pZA31 backbone amplified from pZA31-​luc using primers including I-SceI                       
restriction sites. The control plasmid pZA31-​tetR was created in a similar fashion by amplifying the                             
tetR​ gene from pUC57-NHEJ using primers including I-SceI restriction sites and ligating into pZA31. 
All Sanger sequencing was performed by ACGT, Inc and the UIUC Core Sequencing Facility. 
Genetic Transformation 
Colonies of each ​B. subtilis strain were picked from nonselective Lysogeny Broth (LB) plates                           
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and used to inoculate cultures containing 2 ml per transformation reaction MC transformation                         
medium (5.36 g K​2​HPO​4​, 26.2 g KH​2​PO​4​, 10 g D-glucose, 0.5 g casamino acids, 1 g L-glutamate, 5 ml                                     
300 mM sodium citrate, 0.5 ml 22 mg/ml ferric ammonium citrate, 1.7 ml 1 M MgSO​4​, 2.5 ml 10                                   
mg/ml L-tryptophan, and 2.5 ml 10 mg/ml L-phenylalanine per 500 ml medium). These cultures were                             
grown for 5 – 6 hours in a 37​o​C shaking water bath until entering stationary phase growth, at which                                     
point 400 µl of each strain was added to 20 µl of each miniprepped plasmid in a 5 ml round bottom                                       
polypropylene tube (Falcon Corning). The tubes were placed back in the 37​o​C shaking water bath for                               
two hours, after which the entire mixture was spread on LB agar plates containing 5 µg/ml                               
chloramphenicol. 
Growth Rate Determination 
To measure the effect of retroelement expression on ​E. coli​’s growth rate, starter cultures were                             
prepared by inoculating LB + 100 μg/ml ampicillin with glycerol stocks of BL21(DE3) carrying the                             
indicated retrotransposon or control plasmid(s). This starter culture was grown at 37​o​C in a shaking                             
water bath (New Brunswick C76). Once OD600 of this culture reached ~0.4 – 0.5, 1 μl of the starter                                     
culture was added to 50 ml of the experimental medium + 100 μg/ml ampicillin, pre-warmed to 37°C                                 
and thoroughly mixed. 2 ml of this medium was then added to each well of a microplate (Thermo                                   
Fisher Scientific Nunclon Delta Surface). Appropriate concentrations of IPTG were added to each                         
well, such that each induction condition was performed in triplicate. The plate was then loaded into a                                 
Tecan Infinite f200 plate reader pre-warmed to 37oC. Measurements of OD600 were performed every                           
10 minutes over the course of ~24 hours with the temperature maintained at 37°C and with                               
continuous shaking. The growth rates reported in Fig. 3.3 are averages of the doubling time                             
determined as the slope of the logarithm, base 2, of the background subtracted OD​600 versus time in                                 
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the regime of exponential growth. 
Quantitative Reverse-Transcription Polymerase Chain Reaction (qRT-PCR) 
In vitro transcription of TL1H RNA was performed to generate absolute standards for                         
qRT-PCR. BL21(DE3) pTKIP-TL1H was grown to stationary phase in PDM (plasmid DNA                       
medium), mini-prepped (QIAprep Spin Miniprep kit, Qiagen) to extract the plasmid, digested with                         
I-SceI to linearize the plasmid, and PCR-purified. MegaScript T7 High Yield Transcription Kit                         
(Thermo Scientific) was used to transcribe retrotransposon RNA from the linearized plasmid in vitro.                           
The RNA was then digested with Turbo DNase (Ambion) and purified via LiCl precipitation. The                             
concentration of the RNA was measured with a Nanodrop 2000c spectrophotometer (Thermo                       
Scientific), then serially diluted to obtain five samples with concentrations ranging from 10​-3​-10​-7 of                           
the original concentration. 
To extract RNA from cells expressing the retrotransposon, BL21(DE3) pTKIP-TL1H was                     
grown in LB until exponential phase (OD​600​~0.2), then inoculated into flasks containing 10mL of a                             
specified medium that had been titrated with IPTG​. The media used were RDM + 0.5% glucose,                               
RDM + 0.5% glycerol, M63 + 0.5% glucose + 0.1% casamino acids (cAA glucose), M63 + 0.5%                                 
glucose, and M63 + 0.5% glycerol. Each medium was titrated using IPTG concentrations of 0μM,                             
10μM, 20μM, 35μM, and 50μM. After 6 doublings to reach ​exponential phase (OD​600​~0.2), RNA                           
was extracted using the Trizol Max Bacterial RNA Isolation Kit (Thermo Fisher Scientific), digested                           
with Turbo DNase (Thermo Fisher Scientific), and the resulting RNA concentration was measured                         
using a Nanodrop 2000c spectrophotometer (Thermo Scientific).  
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Melt curves showed a sharp peak at 84.5°C, indicating specific amplification of the desired                           
product. Negative controls of RT​- RNA extracted from cells crossed the cycle threshold number                           
much later than cDNA samples, verifying that initial plasmid DNA was successfully digested by the                             
DNAse and did not contribute to qPCR measurements. To determine the average number of RNAs                             
per cell, RNA counts were normalized by the number of bacteria added to each reaction, determined                               
by colony counts derived from plating 20 independent experimental replicates of each growth                         
condition. 
Microscopy 
To perform fluorescence microscopy, 50 μl samples of culture were spread onto 1% agarose                           
pads prepared on glass slides (Fisher Scientific Premium, 3” × 1” × 1 mm), covered with a #1.5 glass                                     
cover slip (VWR, 22 × 30 mm). The slide was placed on a Nikon Eclipse Ti-E fully automated                                   
inverted microscope with Perfect Focus System (PFS) automated focus correction. Images were taken                         
using a Nikon CFI Apo TIRF 100x oil immersion objective (NA = 1.49) and captured using an Andor                               
iXon Ultra 897 EMCCD camera with 100 ms exposure. Fluorescent excitation was performed using                           
highly inclined and laminated optical sheet (HILO) laser illumination (8) at 457 nm. 457 nm                           
excitation was provided by a 40 mW Argon laser (CVI Milles Griot). Filter set used was Z457/10x                                 
ET485/30m (Chroma).  
LacZ Assay 
B. subtilis 168 pHCMC05-​lacZYAX was inoculated into RDM glucose and, when OD600 of                         
the culture reached ~0.3 – 0.5, 0.5 ml of culture was added to 0.5 ml Z-buffer + 0.1% SDS with 100 μl                                         
toluene. This mixture was vortexed and incubated in a 37 o​C water bath for 30 minutes. The LacZ                                   
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assay was then performed as previously described (Fig. 3.4) (47, 48). 
Ll.LtrB Transposition Assay 
To determine the retrotransposition efficiency of Ll.LtrB with and without NHEJ expression,                       
we followed the protocol of Coros et al., 2005, with slight modifications. We created strains with all                                 
possible combinations of pET-TORF/RIG, empty pTKIP (as negative control), pUC57-​cat​-NHEJ,                   
pUC57-​cat​, pZA31-NHEJ, and pZA31-​tetR​, for a total of eight strains. From frozen glycerol stocks,                           
we inoculated each strain into 2 ml of LB medium containing 100 µg/ml ampicillin and 34 µg/ml                                 
chloramphenicol and allowed these cultures to grow to OD​600 ~1.0 in a 37 ​o​C shaking water bath. At                                   
this point, a sample from each tube was used to inoculate 10 ml LB medium + 100 µg/ml ampicillin                                     
and 34 µg/ml chloramphenicol in 50 ml baffled Erlenmeyer flasks at an initial OD​600 of 0.01. These                                 
cultures were allowed to grow until OD​600 ~0.2, at which point Ll.LtrB expression was induced by the                                 
addition of 100 µM IPTG. The cultures were allowed to grow for another 3 hours in the 37 ​o​C                                     
shaking water bath, at which time a 100 µl sample was taken to measure OD​600​, and a 10 µl sample was                                         
taken to generate 10-fold serial dilutions in phosphate buffered saline (PBS). 10​-4​, 10​-5​, and 10​-6 fold                               
dilutions were plated on plates containing LB agar + 100 µg/ml ampicillin and 34 µg/ml                           
chloramphenicol to determine the total number of bacteria in the cultures. The remainder of the 10                               
ml culture was collected by centrifugation and plated on LB + 40 µg/ml kanamycin plates. The                               
reported efficiencies are the number of resulting kanamycin resistant colonies divided by the total                           
number of bacteria spread on the plate and are the averages and standard deviations of at least three                                   
independent replicates. 
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Limitations of this assay should be kept in mind when interpreting the apparently low                           
observed retrotransposition rates. First, to detect retrotransposition by the RIG kanamycin-resistance                     
cassette, bacteria must survive the integration and grow as colonies. Given the lethality of Ll.LtrB as                               
evidenced by bulk growth rate measurement and plating assays, it is possible that the actual                             
retrotransposition rate is significantly higher but results in cell death in a large fraction of instances.                               
Secondly, TORF/RIG is constructed such that the RIG cassette is in the middle of the intron, in                                 
contrast to our LINE-1 mTFP1 ID detection cassette which is at the immediate 3’ end. Consequently,                               
~4 kbp of Ll.LtrB must be successfully reverse transcribed before cells become resistant to kanamycin.                             
The vast majority of LINE-1 elements in the human genome are 5’ truncations, where reverse                             
transcription aborts before completion. The precise mechanistic details of L1 truncation remain                       
unclear, but it has been suggested that NHEJ may contribute in humans (9). Similarly, an artifactually                               
low retrotransposition efficiency of the Ll.LtrB RIG cassette would be obtained if NHEJ results in                             
premature abortion of reverse transcription before completion of the kanamycin resistance gene.                       
Furthermore, as both LINE-1 and Ll.LtrB in these experiments and those of Coros et al., 2005 are                                 
expressed using T7 polymerase, which is neither native to bacteria nor essential for their survival, the                               
simplest way for bacteria to escape the negative effects of retroelement expression is to stop producing                               
T7 polymerase, through mutation, excision of the λ(DE3) prophage, or other means. We frequently                           
find bacteria which no longer express T7 polymerase dominate in cultures induced for retroelement                           
expression and allowed to grow for long times (>24 hours), and such mutants would contribute to an                                 
artifactually low estimate of retrotransposition frequency. 
Analysis 
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 Exponential Growth Defect Arises as a Direct Consequence of Genomic Integration 
The observed exponential decay in normalized growth rate can be explained by a simple model                             
where we consider the effect that integrations will have by disrupting essential chromosomal genes and                             
thus cell viability. In the simplest model of this kind, we consider that there are two sub-populations of                                   
cells: those that grow normally, and those with retroelement integrations disrupting all growth. In this                             
binary model, there are ​L transcripts, each with a probability ​w of integrating and disrupting growth                               
per generation, and the probability ​q of a cell having no integrations affecting growth per generation                               
given by a binomial distribution evaluated at zero: 
   
In our growth experiments, an exponentially growing individual cell, in the absence of                         
integrations, will produce new individuals in a time interval . This leads to a simple model of                                 
exponential growth of the form . If we consider a binary model with a population ​x of                               
normal cells and a population ​y of cells with no growth due to integrations, an individual of ​x will still                                       
produce new individuals but only a fraction ​q of these will be able to grow. This leads to the                                       
population model (10): 
   
 
84 
The total population of cells in this model grows as . Thus the measured                           
growth rate would be and the normalized growth rate is just ​q​. We fit eq.  to the form                                     
and make the identification , which means for . That is, ​b                           
is approximately equal to the probability of a retroelement transcript integrating and disrupting                         
growth. Moreover, we expect that the rate of obtaining integrations affecting growth, ​w​, is                           
proportional to the overall rate of integration, ​µ​. Consequently, this simple binary model recapitulates                           
the exponential dependence of the growth rate on the number of transcripts and demonstrates that the                               
exponential dependence implies that the growth defect, ​b​, is expected to be directly coupled to the                               
integration rate, ​µ​. 
More complex models of the impact of transposable element integration can be developed,                         
with more than two sub-populations and more nuanced assumptions about the physiological effects.                         
But we find that the dynamics of these models reduce to that of the two rate model presented above,                                     
with renormalized parameters. An example of one such model is as follows. Let the number of cells                                 
with no chromosomal integrations harming their growth be , the population of cells with one                             
integrant be , and so forth. Then a set of differential equations describing the population                             
dynamics in exponential growth with growth rate  is 
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where is a monotonically decreasing function describing the inhibition of cell growth due to                             
gene disruption by integrations, ​µ is the mutation rate, and the index ​x ​runs from 0 to some integer                                     
x​max where the number of integrants is so high the cell cannot function and dies. Making the                                 
substitution , 
   
This is a lower triangular system of equations whose eigenvalues are the diagonals. After many                             
generations, the largest eigenvalue will dominate and correspond approximately to the measured                       
growth rate. Since is a monotonically decreasing function, this means the growth rate is                             
. and thus the growth rate is and the normalized growth rate is ​q. ​This is the                                     
same result as the binary model discussed above. 
Retrotransposon Dynamics in Bacteria Lead to Low Numbers or Extinction 
Next, we wish to understand how retrotransposons will proliferate within an asexual host                         
genome given the experimentally measured integration rates and growth defects. A substantial body of                           
work has already been performed studying the population genetics of mobile elements (11-18). Note                           
that the asexuality of this population makes this model distinct from that of Hickey and colleagues                               
(19, 20), where the inferred effects of retroelements and their proliferation is contingent upon sexual                             
reproduction and outbreeding. Here, we construct a simple model of the mean behavior of                           
retroelement activity based upon our experimental measurements and analyze its dynamics. We find                         
that retrohoming generally will lead to low but stable numbers of retroelements, while the parameters                             
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 with which retrotransposition occurs must be finely tuned in order to get long-lived states with                             
significant proliferation of retrotransposons in the host. 
First, to introduce direct competition for resources such that extinction is a possible outcome,                           
we construct the model with a limited system size Ω. Within the system, we place ​N​x cells carrying ​x                                     
copies of the retrotransposon, leaving ​E empty space. Normalizing by Ω, the mean behavior of the                               
system is described by the equations 
   
where ​τ is the generation time, ​β is the death rate per generation [~10​-2 – 10​-3 cell​-1 generation​-1 (21)], Δ                                       
is the mutation rate per retrotransposon per cell per generation resulting in inactivation of a copy of                                 
the retroelement [~10​-8 retrotransposon​-1 cell​-1 generation​-1 (22)], ​b is the growth defect, and ​μ is the                               
transposition rate per retrotransposon per cell per generation. As we have demonstrated above, the                           
values of ​μ and ​b will depend on the retroelement in question and the presence or absence of NHEJ,                                     
with ​μ ~10​-2 – 1 and ​b ~10​-2​ – 0.6 for LINE-1, and ​μ​ ~10​-9​ – 10​-6 and ​b ~10​-3 – 10​-2 for Ll.LtrB. Here we                                         
assume that each element will contribute an equal amount to the growth defect, while, in reality, the                                 
effects of each insertion will be drawn from some distribution of possible fitness effects. However, we                               
expect that this simple mean-field model will allow insights into the average behavior of the system. 
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To determine non-trivial stationary states, we set time derivatives to zero, and the ​ψ​x equations                             
yield a set of recursion relations: 
   
For example, 
   
which is only non-negative when 
   
Inspecting the equation for ​ε​, we find 
   
with equivalence only for ​b​ = 0. Hence, the only internally consistent nontrivial stationary state is 
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i.e.​, extinction of the retrotransposon. It should be noted that extinction as the sole stationary state is a                                   
consequence of the absorbing nature of the wildtype state, . Once cells lose all retrotransposons                             
and enter , there is no way to leave. One possible way to avoid this is by including the possibility of                                         
horizontal transfer. However, because the cells in our experiments do not undergo horizontal transfer                           
and the rates of horizontal transfer in the wild are poorly quantified, we do not include this possibility                                   
in our modeling. 
It is possible there exist interesting non-stationary states or other states that, while not truly                             
stationary, are extremely long lived. We therefore simulated the model to determine the phase portrait                             
of possible states as a function of ​b and ​µ for the initial conditions beginning with one copy of                                     
retrotransposon per cell ( and ). For the simulations to be tractable, we set a                             
boundary at some maximum number of retrotransposons per cell, ​x​max​. We consider setting such a                             
boundary in two ways. First, we set a small fixed number of available insertion sites; once occupied, no                                   
further insertions are possible (​i.e.​, reflecting boundary conditions). We suggest that such conditions                         
would correspond to the retrohoming of group II introns. Next, from our experimental data we find                               
that when the growth rate has decreased below ~10% of the nominal value, cells cannot survive and                                 
cease to grow. Hence, as a second approach in our simulations we set a dynamic boundary by                                 
, and where insertions beyond this maximum number result in cell death (​i.e.​,                         
absorbing boundary conditions). We suggest that these conditions would correspond to the                       
nonspecific retrotransposition and amplification of retroelements.  
Phase diagrams of simulations with populations of cells allowed to evolve over 10,000                         
generations are shown in Fig. 3.11A and Fig. 3.11B for reflecting and absorbing boundary conditions,                             
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respectively. For both conditions, the majority of parameter values quickly lead to extinction. With                           
reflecting boundary conditions, Fig. 3.11A, a high insertion rate allows saturation of all available                           
integration locations. This corresponds to retrohoming, where insertion rates correspond to ~1 per                         
intron per cell per generation (23), but with low growth defect. As we now demonstrate, this saturated                                 
regime is approximately stable and will persist for extremely long times. 
With a boundary set at ​x​max​, the model becomes 
   
with the terms in square brackets present only for absorbing boundary conditions. In this case, the ​ψ​x                                 
equations can be manipulated to yield recursion relations in terms of the state. In particular, for                                 
reflecting boundary conditions we find 
   
similar to the condition eq. above. To avoid populating lower states and again running afoul of the                                 
conditions eqs.  and , we demand eq.  equal zero, yielding: 
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since Δ​x​max is small and approximately negligible. Therefore, only if Δ​x​max is negligible, a meta-stable                             
and extremely long-lived state similar to eq.  and consistent with eq.  is possible, 
   
This demonstrates that the retrohoming strategy allows for low numbers of retrotransposons that are                           
approximately stable and can persist for extremely long times. 
For absorbing boundary conditions, the appropriate recursion relation relative to the state                       
with the maximum number of retrotransposons is 
   
In contrast with the argument for retrohoming, the non-negligible factor of ​µx​max in the numerator                             
renders the state unstable. Hence, while the phase portrait Fig. 3.11B shows that there exists a                                 
small set of parameter values (​b < 0.01 and ​µ ~10​-3 retrotransposon​-1 cell​-1 generation​-1​) where the                               
retroelement is able to proliferate to high numbers, these states will eventually go extinct. Thus, the                               
phase portrait with absorbing boundary conditions changes with time, and the result shown in Fig.                             
3.11B depends upon the interval over which the simulation is allowed to run. To determine the                               
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lifetime of these states, we performed simulations using absorbing boundary conditions for a variety of                             
values of ​b and ​µ​, and where we recorded the number of generations required for the retrotransposon                                 
to go extinct. The result is shown in Fig. 3.12. From this analysis, we see that the time required for a                                         
retrotransposon to go extinct can vary over ~7 orders of magnitude, depending upon its dynamics and                               
effects. For those parameter regimes corresponding to the aggressive autonomous retrotransposon                     
LINE-1 (​b ≥ 10​-2​, ​µ​ ≥ 10​-2​ retrotransposon​-1 cell​-1 generation​-1​), extinction is rapid, occurring in ~100 –                           
10,000 generations. Conversely, parameter regimes corresponding to the group II intron Ll.LtrB (10​-3                         
≤ ​b ≤ 10​-2​, 10​-9​ ≤ ​µ​ ≤ 10​-6​ retrotransposon​-1 cell​-1 generation​-1​) can persist in low copy numbers (~1 per                             
cell) for millions to tens of millions of generations. We additionally see that the small parameter regime                                 
where retrotransposons can proliferate to high copy numbers (​b ≤ 10​-2​, ​µ​ ~ 10​-3​ - 10​-4 retrotransposon​-1                           
cell​-1 generation​-1​) persists for hundreds of thousands to millions of generations, and could be                           
maintained longer with the inclusion of horizontal gene transfer. 
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CHAPTER 4: PRELIMINARY WORK IN YEAST 
I. Introduction 
Motivation and Summary  
Eukaryotes emerged 2 billion years ago as one of three distinct domains of life. Compared to                               
bacteria and archaea, eukaryotes are marked by their increased complexity. Eukaryotic genomes are                         
organized into chromosomes and protected by a nuclear membrane within the cell. Eukaryotic cells are                             
also larger than bacteria and archaea, contain symbiotic organelles, and are capable of forming                           
multicellular organisms. These physiological differences are complemented by genomic differences as                     
well. As stated in the previous chapter, eukaryotic genomes are interspersed with introns, which are                             
processed by the spliceosome during transcription. The presence of introns, and other non-coding                         
DNA such as retroelements, means eukaryotic genomes are typically less dense than bacterial or                           
archaeal genomes. 
The budding yeast ​Saccharomyces cerevisiae is a well-characterized model organism, widely                     
used in research due to ease of growth and genetic manipulation. ​S. cerevisiae ​also happens to be a                                   
single-celled eukaryote, and thus one of the simplest eukaryotic systems to study. The ​S. cerevisiae                             
genome is 12 million base pairs (Mbp) long, with 6.6 * 10​3 ​coding genes identified. In comparison, the                                   
model bacterium ​E. coli genome is 4.6 Mbp long with 4.3* 10​3 ​coding genes, and the human genome is                                     
3.2 billion base pair (Gbp) long with 3.1* 10​4 ​coding genes (93). This makes the yeast genome relatively                                   
dense in coding regions compared to human genomes.  
We will attempt to replicate in yeast the same growth rate vs LINE-1 expression experiments                             
described in the previous chapter. As a model single celled eukaryote, ​S. cerevisiae plays a role                               
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analogous to the model bacterium ​E. coli​. LINE-1 can be modified in ​E. coli​. and transformed into                                 
yeast cells on plasmids. As a single celled organism, yeast may more closely model an early eukaryotic                                 
cell environment than other multicellular eukaryotes. Further, the relative denseness of the genome                         
may also mimic early eukaryotes. For these reasons, we wish to study the effects of LINE-1                               
retrotransposition in yeast and compare those effects to our observations in bacteria.    
II. Experiments and Analysis 
Building a Yeast-Expressible LINE-1 
To transform LINE-1 into ​S. cerevisiae​, EL1H was ligated into the pYES2 plasmid under a                             
strong Gal1 promoter. pYES2 is a high copy number plasmid with a 2μ origin of replication, a ​ura3                                   
gene for uracil auxotrophic selection in yeast, and an ampicillin resistance gene for antibiotic selection                             
in ​E. coli​. All ligation procedures were performed in the ​E. coli ​recombineering strain DH5α, and the                                 
recombineered plasmid pYES2 EL1H was transformed into the ​S. cerevisiae strain D452 via lithium                           
acetate transformation. All experiments were performed using the strains D452 pYES2 and D452                         
pYES2-EL1H grown in SCD-U or an induction medium (see Materials and Methods). 
Preliminary Effects of LINE-1 Activity on a Simple Eukaryotic Cell 
We first quantified the growth rate of yeast strains carrying pYES2 EL1H with and without                             
induction of LINE-1 expression. As a first pass, we chose to induce with 2% w/v galactose, which                                 
should approach saturation (94). Further, since galactose is a sugar that yeast can use as a carbon                                 
source, we predicted that the presence of galactose would increase the growth rate of cells,                             
independent of its function as an inducer. Therefore we also measured the growth rate of yeast strains                                 
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carrying an empty pYES2 plasmid with and without the addition of 2% galactose. By comparing the                               
difference in growth rate that adding galactose introduces to the negative control strains, we hope to                               
isolate the effect of galactose as a carbon source from the effect of galactose as an inducer of LINE-1                                     
expression. 
To generate growth curves, cultures were inoculated from plated colonies into galactose                       
induction media. Once cultures reached saturation, they were diluted into fresh induction medium,                         
and transferred to a 12-well microplate. Each well was loaded with 2.5mL of culture at OD​600​=0.01,                               
and 2% galactose was added when appropriate. Optical density measurements were taken in a plate                             
reader every 1000s until all cultures reached stationary phase. In total, four conditions were tested:                             
pYES2 + 0% galactose, pYES2 + 2% galactose, pYES2-EL1H + 0% galactose, and pYES2-EL1H + 2%                               
galactose; each condition was tested in triplicate. Growth rates (Table 1) were determined by taking                             
the average slope of the base 2 logarithm of the background-subtracted OD​600 plotted against time in                               
the regime of exponential growth. 
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 Fig. 4.1 Growth Curves of D452 with and without Galactose Induction of LINE-1 Expression 
Red curves represent D452 strains carrying empty pYES2 plasmids, while blue curves represent D452                           
pYES2-EL1H strains. Filled diamonds represent no galactose induction, while unfilled triangles represent 2%                         
galactose induction. Growth rates were determined from exponential phase growth, shown as the linear region                             
in this semi-log plot of optical density versus time. 
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Average growth curves for all four test conditions are plotted in Fig. 4.1. From this data, we                                 
can see that the negative control (carrying the empty plasmid) grows more quickly with the addition of                                 
2% galactose than without. This result supports our prediction that the presence of galactose as an                               
additional carbon source increases the growth rate of cells, independent of its role inducing the                             
expression of LINE-1. The addition of 2% galactose increases the growth rate of the negative control                               
by 42%. This effect should be considered when comparing the growth rate of strains carrying LINE-1                               
in the presence and absence of galactose induction. 
With no induction, D452 pYES2-EL1H exhibited the lowest growth rate, at 8.08                       
hrs/doubling. With 2% galactose induction, the growth rate increased to 7.7 hrs/doubling. However,                         
if we take into account the increase that galactose as a carbon source introduces, we would expect a                                   
growth rate increase to 5.69 hrs/doubling. This suggests that the amount of LINE-1 expression                           
induced by 2% galactose actually decreases the growth rate in ​S. cerevisiae​ by 26%. 
To quantify the decrease in growth rate that each additional LINE-1 molecule introduces in                           
yeast, we performed qRT-PCR on D452 pYES2-EL1H with and without galactose induction. To                         
verify that the primers used in qRT-PCR solely amplify LINE-1, we also used D452 pYES2 as a                                 
negative control. Cultures were inoculated from plated colonies of D452 pYES2 and D452                         
pYES2-EL1H into galactose induction medium. Once cultures reached saturation, they were diluted                       
into fresh galactose induction medium, and 2% galactose was added when appropriate. Once these                           
cultures reached exponential growth, RNA was extracted using the RNeasy Kit Yeast Protocol, and                           
the RNA concentration was measured on a Nanodrop. Cultures were also plated in triplicate to                             
establish a relationship between colony number and OD​600 ​measurement. Extracted RNA was reverse                         
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transcribed to complementary DNA (cDNA), and these cDNA samples were used as templates for                           
qRT-PCR. 
qRT-PCR was performed on four cDNA templates: pYES2 + 0% galactose, pYES2 + 2%                           
galactose, pYES2-EL1H + 0% galactose, and pYES2-EL1H + 2% galactose, and each condition was                           
tested in triplicate. Average threshold cycle numbers for all four conditions, along with the                           
corresponding extracted RNA concentrations, are listed in Table 1. From melt curves taken after                           
qRT-PCR, we can verify sharp peaks around 84.5℃ for all D452 pYES2-EL1H samples, but not for                               
the negative controls. This suggests that the primers used in qRT-PCR selectively amplified cDNA                           
generated from LINE-1 mRNA, and that there is leaky expression of LINE-1 from the Gal1 promoter                               
even without galactose induction. By comparing the threshold cycle numbers and concentration of                         
extracted RNA that went into the qPCR reactions, we find that the 2% galactose induced sample                               
contained 27.04 times more LINE-1 RNA than the uninduced sample.  
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Table 4.1 Growth Rates vs Threshold Cycle Numbers  
condition  symbol  growth rate (hrs/doubling) 
threshold cycle 
number 
[RNA]  
(ng/μL) 
pYES2 + 0%gal  ♦  7.5  n/a  n/a 
pYES2 + 2%gal  ▽  5.34  n/a  n/a 
pYES2-EL1H  
+ 0%gal  ♦  8.08  17.86  64.5 
pYES2-EL1H  
+ 2%gal  ▽  7.7  12.2  120.6 
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III. Discussion 
Qualitative Comparison of LINE-1 Activity in Bacteria and Yeast 
To compare these results with the effects of LINE-1 activity in bacteria, we first need to                               
determine how many LINE-1 mRNAs are expressed per cell. To do so, cDNA standards must be                               
generated and qRT-PCR must be performed with these standards to determine the absolute starting                           
quantity of RNA per qRT-PCR reaction. Further, cultures should be titrated over a range of galactose                               
concentrations in order to find the functional dependence of growth rate on LINE-1 expression in                             
yeast. These experiments will then allow us to quantitatively compare the effects of LINE-1 expression                             
on growth rate in yeast with bacteria. 
Roadmap for Future Work 
To test the interplay of LINE-1 activity with NHEJ capabilities in a simple eukaryotic cell, we                               
can knock out NHEJ capability in D452 pYES2-EL1H strains and measure the effects on growth rate.                               
We can also create a version of LINE-1 that is codon-optimized for yeast expression and compare                               
whether codon optimization enhances LINE-1 lethality in yeast, as it did in bacteria. We will also                               
genetically engineer a version of LINE-1 that fluorescently reports retrotransposition activity in yeast                         
and use fluorescence intensity measurements to quantify the rate of retrotransposition. 
IV. Materials and Methods 
* Note that all yeast cultures should ideally be incubated in a water shaker shaking at 250rpm,                                 
which helps larger yeast cells stay suspended in culture. 220rpm was the upper limit of our water shaker                                   
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speed, and cells would tend to collect at the bottom of the test tube, thus inhibiting even distribution of                                     
growth conditions. 
Strains and Media 
All experiments were performed using ​S. cerevisiae strain D452, a generous gift from the                           
Yong-Su Jin Lab in the Department of Food Science and Human Nutrition at the University of                               
Illinois at Urbana Champaign. Strains were grown in YPD (yeast peptone complex medium + 2% w/v                               
glucose), SCD-U (synthetic complete uracil dropout media + 2% w/v glucose), and galactose                         
induction medium (synthetic complete uracil dropout media + 2% w/v galactose + 2% v/v sodium                             
lactate, (95)). 
All genetic engineering was performed in the ​E. coli​ recombineering strain DH5α. 
Plasmid Construction 
To study the effects of LINE-1 in yeast, we placed EL1H inside the pYES2 plasmid                             
(ThermoFisher Scientific, (96)). pYES2 is a high copy number plasmid with a 2μ origin of replication                               
and a strong Gal1 promoter, which we used for EL1H expression. pYES2 also has a ​ura3 gene for                                   
uracil auxotrophic selection in yeast and an ampicillin resistance gene for antibiotic selection in ​E. coli​,                               
in which all recombination was performed. 
To create pYES2 EL1H, we first digested pYES2 with KpnI and XbaI restriction enzymes                           
(NEB) and dephosphorylated using Antarctic Phosphatase (NEB) to create the pYES2 backbone. We                         
next amplified EL1H (without the rrnB terminator) from pTKIP-neo EL1H using Phusion HF                         
Master Mix (annealing temp 62.6°C). The EL1H insert and pYES2 backbone were ligated together                           
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using Tn4 Ligase (NEB) and transformed into the E. coli strain DH5α. Successful ligation was verified                               
via plating and colony PCR. The resulting plasmid, pYES2 EL1H, was used for all experiments                             
conducted in yeast. 
Lithium Acetate Transformation of ​S. Cerevisiae 
To transform pYES2 EL1H into yeast, D452 strains of ​S. cerevisiae were inoculated into 4mL                             
of YPD in 14mL falcon tubes and placed in a 30°C water shaker set to 220rpm. After overnight                                   
growth, 200μL of culture was transferred to 4mL of fresh YPD, and the culture was returned to the                                   
30°C water shaker for 2-3 doublings (~5hrs). Once OD​600 reached 1-2, cultures were centrifuged at                             
5000rpm for 1min. The supernatant was discarded and cells were resuspended and transferred to a                             
1.5mL eppendorf. To the resuspended cells, 240μL PEG 3350 (50%), 36μL lithium acetate (1M),                           
50μL salmon sperm single stranded carrier DNA (2mg/mL, SigmaAldrich), 5uL of pYES2 EL1H, and                           
29μL of DNase free water were added. The resuspension was placed in a 42°C water bath for 30min,                                   
then centrifuged at 12000rpm for 1min. The supernatant was discarded and cells resuspended in                           
200μL of DNase free water. This suspension was diluted 10×, and 200μL was plated on SCD-U agar                                 
plates and incubated at 30°C for 2-3 days. 
A control strain of D452 pYES2 was transformed in a similar manner, except using 10μL of                               
pYES2 plasmid (530 ng/μL) and 24μL of water. 
Growth Rate Determination 
  To measure the effects of retroelement expression on ​S. cerevisiae growth rate, starter                         
cultures were prepared by inoculating galactose induction medium with colonies of D452 pYES2                         
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EL1H or D452 pYES2 control picked from SCD-ura agar plates. Cultures were placed in a 30°C                               
shaking water bath (New Brunswick C76) for 2-3 days to reach saturation. Once OD​600 exceeded 1,                               
culture was added to fresh galactose induction medium to obtain an OD​600 of 0.01. 2.5mL of culture                                 
was loaded into each well of a 12-well microplate (Thermo Fisher Scientific Nunclon Delta Surface),                             
and samples were induced with 2% galactose. All samples were tested in triplicate. The plate was then                                 
loaded into a Tecan Infinite f200 plate reader. Measurements of OD​600 were performed every 1000s                             
over the course of ~4 days with the temperature maintained at 30°C and with continuous shaking at                                 
maximum amplitude (6mm). Growth rates were determined by taking the average slope of the base 2                               
logarithm of the background-subtracted OD​600 plotted against time in the regime of exponential                         
growth. 
Quantitative Reverse-Transcription Polymerase Chain Reaction (qRT-PCR) 
To extract RNA from cells expressing the retrotransposon, colonies of D452 pYES2 EL1H                         
and D452 pYES2 were inoculated into 5mL of galactose induction medium and incubated at 30°C                             
and 220rpm until cultures reached saturation overnight. Fresh galactose induction medium, either                       
induced with 2% galactose or left untouched, was inoculated with an appropriate volume of overnight                             
culture, such that new cultures reached OD​600 ~0.5 in 6 doublings. After ~45hrs of shaking at 30°C,                                 
RNA extraction was performed using the RNeasy Kit Yeast Protocol, with 10μL of zymolyase per                             
reaction to generate spheroplasts. Samples were eluted into 50μL of RNase free water and their                             
concentrations measured via Nanodrop. 
Extracted RNA samples were DNase digested (Ambion Turbo DNA-free Kit) to remove                         
residual pYES2 plasmids, then reverse transcribed into complementary DNA (Applied Biosystems                     
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High Capacity cDNA Reverse Transcription Kit). cDNA samples were digested with RNase H prior                           
to running qRT-PCR using Bio-rad SsoAdvanced Universal SYBR Green Supermix on a Biorad CFX                           
thermocycler. The primers used for qRT-PCR were: 
EL1H qPCR forward primer: 5’-TCGAAAACTCAATCTGCCTCGCC-3’ 
EL1H qPCR reverse primer: 5’-GTTTGAATGTCCTCACGTAACTCCG-3’ 
   
 
104 
REFERENCES 
1. McClintock B (1950) The origin and behavior of mutable loci in Maize. ​Proc Natl Acad Sci U S A                                       
36(6):344-355. 
2. Lambowitz AM & Belfort M (2015) Mobile bacterial group II introns at the crux of eukaryotic                                 
evolution. ​Microbiol Spectr​ 3(1):MDNA3-0050-2014. 
3. Goodier JL (2014) Retrotransposition in tumors and brains. ​Mob DNA​ 5:11. 
4. Kohl S & Bock R (2009) Transposition of a bacterial insertion sequence in chloroplasts. ​Plant J                                 
58(3):423-436. 
5. Parisod C​, et al. (2012) Differential dynamics of transposable elements during long-term                         
diploidization of Nicotiana section Repandae (Solanaceae) allopolyploid genomes. ​PLoS One                   
7(11):e50352. 
6. Petrov DA, Fiston-Lavier AS, Lipatov M, Lenkov K, & Gonzalez J (2011) Population genomics of                               
transposable elements in Drosophila melanogaster. ​Mol Biol Evol​ 28(5):1633-1644. 
7. Schaack S, Pritham EJ, Wolf A, & Lynch M (2010) DNA transposon dynamics in populations of                                 
Daphnia pulex with and without sex. ​Proceedings of the Royal Society B: Biological Sciences​. 
8. Shen JJ, Dushoff J, Bewick AJ, Chain FJ, & Evans BJ (2013) Genomic dynamics of transposable                                 
elements in the western clawed frog (Silurana tropicalis). ​Genome Biol Evol​ 5(5):998-1009. 
9. Venner S, Feschotte C, & Biemont C (2009) Dynamics of transposable elements: towards a                             
community ecology of the genome. ​Trends Genet​ 25(7):317-323. 
10. Wright SI, Le QH, Schoen DJ, & Bureau TE (2001) Population dynamics of an Ac-like                               
transposable element in self- and cross-pollinating arabidopsis. ​Genetics​ 158(3):1279-1288. 
11. Schneider D & Lenski RE (2004) Dynamics of insertion sequence elements during experimental                           
evolution of bacteria. ​Res Microbiol​ 155(5):319-327. 
12. Ton-Hoang B​, et al. (2010) Single-Stranded DNA Transposition Is Coupled to Host Replication.                           
Cell​ 142(3):398-408. 
13. Papadopoulos D​, et al. (1999) Genomic evolution during a 10,000-generation experiment with                         
bacteria. ​Proc Natl Acad Sci U S A​ 96(7):3807-3812. 
14. Paquin CE & Williamson VM (1984) Temperature effects on the rate of ty transposition. ​Science                               
226(4670):53-55. 
 
105 
15. Le Rouzic A, Payen T, & Hua-Van A (2013) Reconstructing the Evolutionary History of                             
Transposable Elements. ​Genome Biology and Evolution​ 5(1):77-86. 
16. Babic A, Lindner AB, Vulic M, Stewart EJ, & Radman M (2008) Direct visualization of horizontal                                 
gene transfer. ​Science​ 319(5869):1533-1536. 
17. Barabas O​, et al. (2008) Mechanism of IS200/IS605 family DNA transposases: activation and                           
transposon-directed target site selection. ​Cell​ 132(2):208-220. 
18. Kim, NH, ​et al. ​(2016) Real time transposable element activity in individual live cells. ​Proc Natl                                 
Acad Sci U S A​ 113(26):7278-7283. 
19. Beck CR​, et al. (2010) LINE-1 retrotransposition activity in human genomes. ​Cell                         
141(7):1159-1170. 
20. Lee, G, ​et al. (2018) Testing the retroelement invasion hypothesis for the emergence of the                               
ancestral eukaryotic cell. ​Proc Natl Acad Sci U S A ​115(49):12465-12470. 
21. Belancio VP, Deininger PL, & Roy-Engel AM (2009) LINE dancing in the human genome:                             
transposable elements and disease. ​Genome medicine​ 1(10):97. 
22. Bodega B & Orlando V (2014) Repetitive elements dynamics in cell identity programming,                           
maintenance and disease. ​Current opinion in cell biology​ 31C:67-73. 
23. Callinan PA & Batzer MA (2006) Retrotransposable elements and human disease. ​Genome                         
dynamics​ 1:104-115. 
24. Chen JM, Stenson PD, Cooper DN, & Ferec C (2005) A systematic analysis of LINE-1                               
endonuclease-dependent retrotranspositional events causing human genetic disease. ​Human genetics                 
117(5):411-427. 
25. Deininger PL & Batzer MA (1999) Alu repeats and human disease. ​Molecular genetics and                             
metabolism​ 67(3):183-193. 
26. Kazazian HH, Jr.​, et al. (1988) Haemophilia A resulting from de novo insertion of L1 sequences                                 
represents a novel mechanism for mutation in man. ​Nature​ 332(6160):164-166. 
27. O'Donnell KA & Burns KH (2010) Mobilizing diversity: transposable element insertions in                         
genetic variation and disease. ​Mob DNA​ 1(1):21. 
28. Coufal NG​, et al. (2009) L1 retrotransposition in human neural progenitor cells. ​Nature                           
460(7259):1127-1131. 
 
106 
29. Kano H​, et al. (2009) L1 retrotransposition occurs mainly in embryogenesis and creates somatic                             
mosaicism. ​Genes & development​ 23(11):1303-1312. 
30. Chao L, Vargas C, Spear BB, & Cox EC (1983) Transposable elements as mutator genes in                                 
evolution. ​Nature​ 303(5918):633-635. 
31. Reznikoff WS (2009) Transposable Elements. ​Encyclopedia of Microbiology (Third Edition)​, ed                       
Schaechter M (Academic Press, Oxford), pp 680-689. 
32. He S​, et al. (2015) The IS200/IS605 Family and “Peel and Paste” Single-strand Transposition                             
Mechanism. ​Microbiology Spectrum​ 3(4). 
33. Guynet C​, et al. (2008) In vitro reconstitution of a single-stranded transposition mechanism of                             
IS608. ​Mol Cell​ 29(3):302-312. 
34. Ton-Hoang B​, et al. (2005) Transposition of ISHp608, member of an unusual family of bacterial                               
insertion sequences. ​EMBO J​ 24(18):3325-3338. 
35. He S​, et al. (2011) Reconstitution of a functional IS608 single-strand transpososome: role of                             
non-canonical base pairing. ​Nucleic Acids Res​ 39(19):8503-8512. 
36. He S​, et al. (2013) IS200/IS605 family single-strand transposition: mechanism of IS608 strand                           
transfer. ​Nucleic Acids Research​. 
37. Lutz R & Bujard H (1997) Independent and tight regulation of transcriptional units in Escherichia                               
coli via the LacR/O, the TetR/O and AraC/I1-I2 regulatory elements. ​Nucleic Acids Res                         
25(6):1203-1210. 
38. Calos MP & Miller JH (1981) The DNA sequence change resulting from the IQ1 mutation,                               
which greatly increases promoter strength. ​Mol Gen Genet​ 183(3):559-560. 
39. Markwardt ML​, et al. (2011) An Improved Cerulean Fluorescent Protein with Enhanced                         
Brightness and Reduced Reversible Photoswitching. ​PLoS ONE​ 6(3):e17896. 
40. Nagai T​, et al. (2002) A variant of yellow fluorescent protein with fast and efficient maturation for                                   
cell-biological applications. ​Nat Biotechnol​ 20(1):87-90. 
41. Shaner NC​, et al. (2004) Improved monomeric red, orange and yellow fluorescent proteins derived                             
from Discosoma sp. red fluorescent protein. ​Nat Biotechnol​ 22(12):1567-1572. 
42. Kinney JB, Murugan A, Callan CG, & Cox EC (2010) Using deep sequencing to characterize the                                 
biophysical mechanism of a transcriptional regulatory sequence. ​Proceedings of the National Academy                       
of Sciences​ 107(20):9158-9163. 
 
107 
43. Bire S​, et al. (2013) Transposase concentration controls transposition activity: Myth or reality?                           
Gene​ 530(2):165-171. 
44. Landgraf D, Okumus B, Chien P, Baker TA, & Paulsson J (2012) Segregation of molecules at cell                                   
division reveals native protein localization. ​Nat Meth​ 9(5):480-482. 
45. Kuhlman TE & Cox EC (2012) Gene location and DNA density determine transcription factor                             
distributions in Escherichia coli. ​Mol Syst Biol​ 8:610. 
46. Nayak Chitra R & Rutenberg Andrew D (2011) Quantification of Fluorophore Copy Number                       
from Intrinsic Fluctuations during Fluorescence Photobleaching. ​Biophysical Journal               
101(9):2284-2293. 
47. Kuhlman TE & Cox EC (2013) DNA-binding-protein inhomogeneity in E. coli modeled as                           
biphasic facilitated diffusion. ​Physical Review E​ 88(2):022701. 
48. Luria SE & Delbrück M (1943) Mutations of bacteria from virus sensitivity to virus resistance.                               
Genetics​ 28(6):491-511. 
49. Kessler DA & Levine H (2013) Large population solution of the stochastic Luria–Delbrück                           
evolution model. ​Proceedings of the National Academy of Sciences​ 110(29):11682-11687. 
50. Ha T (2014) Single-molecule methods leap ahead. ​Nat Meth​ 11(10):1015-1018. 
51. Galas DJ & Chandler M (1982) Structure and stability of Tn9-mediated cointegrates: Evidence for                             
two pathways of transposition. ​Journal of Molecular Biology​ 154(2):245-272. 
52. Scott M, Gunderson CW, Mateescu EM, Zhang Z, & Hwa T (2010) Interdependence of Cell                               
Growth and Gene Expression: Origins and Consequences. ​Science​ 330(6007):1099-1102. 
53. Acharya S, Foster PL, Brooks P, & Fishel R (2003) The Coordinated Functions of the E. coli MutS                                     
and MutL Proteins in Mismatch Repair. ​Molecular Cell​ 12(1):233-246. 
54. Lynch M (2007) ​The origins of genome architecture​ (Sinauer Associates Sunderland (MA)). 
55. Lander ES​, et al. (2001) Initial sequencing and analysis of the human genome. ​Nature                             
409(6822):860-921. 
56. de Koning AP, Gu W, Castoe TA, Batzer MA, & Pollock DD (2011) Repetitive elements may                                 
comprise over two-thirds of the human genome. ​PLoS Genet​ 7(12):e1002384. 
57. Richardson SR​, et al. (2015) The influence of LINE-1 and SINE retrotransposons on mammalian                             
genomes. ​Microbiol. Spectr.​ 3(2). 
 
108 
58. Baillie JK​, et al. (2011) Somatic retrotransposition alters the genetic landscape of the human brain.                               
Nature​ 479(7374):534-537. 
59. Coros CJ​, et al. (2005) Retrotransposition strategies of the Lactococcus lactis Ll.LtrB group II                             
intron are dictated by host identity and cellular environment. ​Molecular Microbiology​ 56(2):509-524. 
60. Beauregard A, Curcio MJ, & Belfort M (2008) The take and give between retrotransposable                             
elements and their hosts. ​Annual review of genetics​ 42:587-617. 
61. Novikova O & Belfort M (2017) Mobile group II introns as ancestral eukaryotic elements. ​Trends                               
in Genetics​. 
62. Irimia M & Roy SW (2014) Origin of spliceosomal introns and alternative splicing. ​Cold Spring                               
Harb Perspect Biol​ 6(6). 
63. Lambowitz AM & Zimmerly S (2011) Group II Introns: Mobile Ribozymes that Invade DNA.                             
Cold Spring Harbor Perspectives in Biology​ 3(8):a003616. 
64. Martin W & Koonin EV (2006) Introns and the origin of nucleus–cytosol compartmentalization.                           
Nature​ 440(7080):41-45. 
65. Doolittle WF (2014) The trouble with (group II) introns. ​Proceedings of the National Academy of                               
Sciences​ 111(18):6536-6537. 
66. Boeke JD (2003) The unusual phylogenetic distribution of retrotransposons: a hypothesis. ​Genome                         
Res​ 13(9):1975-1983. 
67. Anderson MT & Seifert HS (2011) Opportunity and means: horizontal gene transfer from the                             
human host to a bacterial pathogen. ​mBio​ 2(1):e00005-00011. 
68. Iranzo J, Cuesta JA, Manrubia S, Katsnelson MI, & Koonin EV (2017) Disentangling the effects of                                 
selection and loss bias on gene dynamics. ​Proceedings of the National Academy of Sciences                           
114(28):E5616-E5624. 
69. Moran JV​, et al. (1996) High frequency retrotransposition in cultured mammalian cells. ​Cell                           
87(5):917-927. 
70. Cousineau B, Lawrence S, Smith D, & Belfort M (2000) Retrotransposition of a bacterial group II                                 
intron. ​Nature​ 404(6781):1018-1021. 
71. Ichiyanagi K​, et al. (2002) Retrotransposition of the Ll.LtrB group II intron proceeds                           
predominantly via reverse splicing into DNA targets. ​Molecular Microbiology​ 46(5):1259-1272. 
 
109 
72. Kuhlman TE & Cox EC (2010) Site-specific chromosomal integration of large synthetic                         
constructs. ​Nucleic Acids Res​ 38(6):e92. 
73. Tas H, Nguyen CT, Patel R, Kim NH, & Kuhlman TE (2015) An integrated system for precise                                   
genome modification in ​Escherichia coli​. ​PLoS One​ 10(9):e0136963. 
74. Doucet AJ, Wilusz JE, Miyoshi T, Liu Y, & Moran JV (2015) A 3′ poly(A) tract is required for                                       
LINE-1 retrotransposition. ​Mol. Cell​ 60(5):728-741. 
75. Beauregard A, Chalamcharla VR, Piazza CL, Belfort M, & Coros CJ (2006) Bipolar localization of                               
the group II intron Ll.LtrB is maintained in Escherichia coli deficient in nucleoid condensation,                           
chromosome partitioning and DNA replication. ​Molecular Microbiology​ 62(3):709-722. 
76. Nguyen HD​, et al. (2005) Construction of plasmid-based expression vectors for ​Bacillus subtilis                           
exhibiting full structural stability. ​Plasmid​ 54(3):241-248. 
77. Studier FW & Moffatt BA (1986) Use of bacteriophage T7 RNA polymerase to direct selective                               
high-level expression of cloned genes. ​Journal of Molecular Biology​ 189(1):113-130. 
78. Bowater R & Doherty AJ (2006) Making ends meet: repairing breaks in bacterial DNA by                               
non-homologous end-joining. ​PLoS Genet​ 2(2):e8. 
79. Moeller R​, et al. (2007) Role of DNA repair by nonhomologous-end joining in ​Bacillus subtilis                               
spore resistance to extreme dryness, mono- and polychromatic UV, and ionizing radiation. ​J. Bacteriol.                           
189(8):3306-3311. 
80. Kuhlman TE & Cox EC (2010) A place for everything: chromosomal integration of large                             
constructs. ​Bioeng Bugs​ 1(4):296-299. 
81. Belfort M, Chandry PS, & Pedersen-Lane J (1987) Genetic delineation of functional components                           
of the group I intron in the phage T4 ​td Gene. ​Cold Spring Harbor Symposia on Quantitative Biology                                   
52:181-192. 
82. Charlesworth B & Charlesworth D (2009) The population dynamics of transposable elements.                         
Genetical Research​ 42(1):1-27. 
83. Charlesworth B & Langley CH (1986) The evolution of self-regulated transposition of                         
transposable elements. ​Genetics​ 112(2):359-383. 
84. Dolgin ES & Charlesworth B (2006) The Fate of Transposable Elements in Asexual Populations.                             
Genetics​ 174(2):817-827. 
85. Langley CH, Brookfield JFY, & Kaplan N (1983) Transposable elements in Mendelian                         
population. I. A theory. ​Genetics​ 104(3):457-471. 
 
110 
86. Brookfield JFY (2005) The ecology of the genome — mobile DNA elements and their hosts.                               
Nature Reviews Genetics​ 6:128. 
87. Hellen EHB & Brookfield JFY (2013) Transposable element invasions. ​Mobile Genetic Elements                         
3(1):e23920. 
88. Lynch M, Burger R, Butcher D, & Gabriel W (1993) The mutational meltdown in asexual                               
populations. ​J Hered​ 84(5):339-344. 
89. Koonin EV (2016) Viruses and mobile elements as drivers of evolutionary transitions.                         
Philosophical Transactions of the Royal Society B: Biological Sciences​ 371(1701). 
90. Brodt A, Lurie-Weinberger MN, & Gophna U (2011) CRISPR loci reveal networks of gene                             
exchange in archaea. ​Biol Direct​ 6(1):65. 
91. Riha K, Heacock ML, & Shippen DE (2006) The Role of the Nonhomologous End-Joining DNA                               
Double-Strand Break Repair Pathway in Telomere Biology. ​Annual Review of Genetics​ 40(1):237-277. 
92. de Lange T (2015) A loopy view of telomere evolution. ​Frontiers in Genetics​ 6(321). 
93. Milo, R and Phillips, R (2015) Cell Biology by the Numbers. ​Garland Science​ (p. 338) 
94. Escalante-Chong, R ​et al. ​(2015) Galactose metabolic genes in yeast respond to a ratio of galactose                                 
and glucose. ​Proc Natl Acad Sci U S A ​112(5): 1636–1641. 
95. Heyer, WD (2013) Galactose Induction for Analytical Purposes. ​Laboratory Protocol​. 
96. Invitrogen (2008) pYES2. ​User Manual​. 
 
 
 
 
 
 
111 
